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DEFINITION  OF  TERMS  PERTAINING  TO  POLYMER  IMPREGNATION 
Term  Simple  definition 


Polymer- impregnated 
concrete  (PIC) 


Monomer 


Polymer 

Methyl  methacrylate 
(MMA) 

Drying 

Impregnation 

Polymerization 


Polymer  loading 


Precast  portland  cement  concrete 
impregnated  with  a  monomer  system 
that  is  subsequently  polymerized 
in-situ. 

The  simplest  basic  molecule  of  an 
organic  material  that  can  be  combined 
to  form  large  molecules  of  a  stable 
material  (example  -  methyl 
methacrylate  (MMA) ,  which  is  in 
liquid  form,  is  the  monomer  of 
poly  (methyl  methacrylate) 
polymer) . 

A  hardened  (polymerized)  plastic;  the 
product  of  a  large  number  of  monomeric 
molecules  reacting  together. 

Monomer  system  used  in  this  study. 


The  removal  of  free  water  from  concrete 
by  heating. 

The  process  of  saturating  hardened 
dried  concrete  with  a  monomer. 

The  reaction  of  monomer  molecules 
joining  together  to  form  a  polymer; 
for  this  study  the  change  from  liquid 
to  solid  state  with  plastics. 

The  percent  by  weight  of  polymer  in 
PIC,  usually  4  to  8  percent. 
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INTRODUCTION 

Bridge  decking  poses  a  major  problem  on  highway  systems  in  the 
United  States  because  of  its  vulnerability  to  freeze-thaw  damage  and  its 
exposure  to  attack  by  the  salt  compounds  commonly  used  in  ice  control 
during  the  winter  months.   Consequently,  concrete  bridge  decks  are  sub- 
ject to  rapid  deterioration.   An  estimated  $70  million  per  year  is  spent 
on  repairing  deteriorated  bridge  decks.  That  figure  does  not  consider 
the  expense  of  decreased  safety  caused  by  poor  road  conditions  or  traffic 
disruption  during  maintenance. 

Extensive  research  has  been  performed  by  the  U.S.  Department  of 
Interior,  Bureau  of  Reclamation  (USBR)  and  Brookhaven  National  Laboratory 
(BNL)  on  polymer-impregnated  concrete  (PIC)  during  the  past  several 
years.  As  discussed  later  under  background,  this  research  has  shown 
that  PIC  has  strength  and  durability  properties  far  in  excess  of  those 
of  normal  port land  cement  concrete.   It  has  proven  durable  under  extended 
freeze-thaw  cycling,  is  inert  to  most  chemicals,  has  near  zero  water 
absorption,  and  is  essentially  impermeable.   Its  strength  in  both  com- 
pression and  tension  is  much  greater  that  that  of  normal  concrete. 

The  Federal  Highway  Administration  (FHWA)  of  the  Department  of 
Transportation  in  reviewing  this  research  foresaw  the  use  of  PIC  as  a 
possible  solution  to  the  problem  of  bridge  deck  deterioration  due  to 
deicing  salt.   It  was  recognized  that  the  use  of  PIC  would  result  in  a 
significantly  higher  initial  cost  over  a  conventional  membrane  and 
asphalt  topped  cast-in-place  concrete  bridge.   However,  in  return  for 
this  greater  initial  investment,  a  virtually  maintenance-free  deck  for 
the  life  of  the  bridge  would  be  provided.   Additional  economic  and 
safety  benefits  would  accrue  in  not  having  to  stop  or  disrupt  traffic 
for  bridge  deck  repair.  When  all  factors  were  considered  from  a  long- 
range  standpoint,  it  appeared  the  higher  initial  cost  could  be  returned 
many  times  over.   Therefore,  the  FHWA  initiated  this  study  with  the 
objective  of  developing  a  bridge  deck  comprised  of  polymer-impregnated 
precast  prestressed  concrete  panels  which  would  be  resistant  to  corro- 
sion damage  due  to  deicing  salt.   The  panels  were  not  merely  surface 
treated  but  were  fully  impregnated. 

The  study  was  a  cooperative  project  involving  the  FHWA,  the  USBR, 
and  the  Prestressed  Concrete  Institute  (PCI) .   The  FHWA  was  the  princi- 
pal financial  supporter  and  defined  the  concepts  of  the  study.   The  USBR 
also  provided  major  financial  support,  and,  under  contract  with  FHWA, 
was  responsible  for  a  panel  design,  impregnation  and  polymerization  of 
the  panels,  physical  testing,  and  evaluation  of  test  results.   The  PCI 
contributed  some  financial  support  and  under  a  separate  contract  with 
the  USBR  submitted  an  independent  panel  design  and  furnished  the  required 
test  panels  and  support  girders. 


BACKGROUND 

The  Concrete-Polymer  Materials  Program  was  initiated  in  1967  by  the 
former  Atomic  Energy  Commission  (now  the  Energy  Research  and  Development 
Administration) .  This  program  was  initiated  as  a  cooperative  research 
program  between  the  BNL  and  the  USBR.   Because  of  its  interest  in  the 
potential  application  of  concrete-polymer  materials  for  construction  of 
vessels  for  water  desalinization  plants,  the  former  Office  of  Saline 
Water  (now  Office  of  Water  Resources  and  Technology)  contributed  to  the 
planning,  development,  and  funding  of  the  program. 

The  long-range  objectives  of  the  program  were  the  investigation  and 
development  of  concrete-polymer  composite  materials  for  use  as  improved 
or  new  materials  of  construction.   The  following  three  types  of  materials 
were  investigated:   (1)  polymer- cement  concrete,  a  premixed  material  of 
water,  portland  cement,  and  aggregate  to  which  monomer  is  added  during 
mixing  and  subsequently  cured  and  polymerized  in  place;  (2)  polymer- 
concrete,  consisting  of  an  aggregate  mixed  with  a  monomer  or  resin  that 
is  subsequently  polymerized  in  place;  and  (3)  polymer- impregnated  con- 
crete (PIC)  which  consists  of  precast  portland  cement  concrete  impreg- 
nated with  a  monomer  system  that  is  subsequently  polymerized  in  situ. 

The  main,  and  most  successful,  effort  in  improving  the  structural 
and  durability  properties  of  a  portland  cement  concrete  was  with  PIC. 
Many  monomers  and  combinations  of  monomers  were  investigated.  Vast 
quantities  of  data  were  accumulated  from  tests  conducted  from  room  tem- 
perature to -350°  F.   1/,.  2/,  3/,  4/,  5/,  6/*  Limited  data  were  also 
collected  for  tests  at  temperatures  as  low  as  -10°  F. 

In  general,  all  the  monomer  systems  provided  significant  improve- 
ment in  strength  and  durability  properties  of  concrete.  Methyl 
methacrylate  (MMA) ,  used  to  impregnate  the  bridge  deck  panels  of  this 
project,  was  one  of  the  two  monomer  systems  which  yielded  the  best 
results.  Table  1  presents  a  summary  of  the  structural  and  durability 
properties  of  MMA  impregnated  concrete  compared  with  those  of  unimpreg- 
nated  concrete. 

Because  of  the  close  proximity  of  Prestressed  Concrete  of  Colorado, 
Inc.  (PCC)  to  the  USBR  laboratory  at  the  Denver  Federal  Center  (DFC) , 
they  were  selected  by  the  PCI  to  fabricate  the  prestressed  concrete 
panels  and  support  girders.  To  avoid  confusion  on  the  abbreviation 
(PCC),  in  this  report  it  will  refer  only  to  Prestressed  Concrete  of 
Colorado,  Inc.  PCC  was  also  selected  by  the  PCI  to  provide  a  panel 
design  and  act  as  their  designated  representative  in  the  project. 


*  Refers  to  numbered  references  on  page  48 


SCOPE  OF  STUDY 

This  study  was  conducted  to  establish  the  feasibility  of  using 
polymer- impregnated  precast  prestressed  concrete  panels  as  bridge  deck- 
ing.  The  following  items  were  included  in  the  study: 

1.  Design  of  panels  and  decking  system 

2.  Manufacture  of  precast  panels 

3.  Design  and  setup  of  impregnation  facilities 

4.  Impregnation  of  panels 

5.  Conduct  static  tests  on  panels 

6.  Conduct  fatigue  tests  of  panels 

7.  Conduct  shear  tests  between  panels  and  support  girders 

8.  Conduct  tests  to  investigate  relaxation  of  prestress  strands 

at  elevated  temperatures 

9.  Conduct  fatigue  tests  of  PIC  specimens 

10.  Conduct  static  tests  on  PIC  specimens  at  subzero  temperature 

11.  Investigate  nondestructive  tests  which  might  be  used  to 

evaluate  completeness  of  impregnation 

In  order  to  enhance  the  input  of  ideas  to  solve  the  panel  design 
problems,  two  separate  and  independent  designs  were  made.   One  was  made 
by  the  USBR  and  the  other  by  PCC. 

The  USBR  impregnation  facility  did  not  have  the  capability  of 
impregnating  specimens  as  large  as  the  deck  panels.   It  was,  therefore, 
necessary  to  design  and  set  up  a  new  facility  with  this  capability. 

The  test  program  for  the  panels  planned  for  static  tests  to  failure 
of  two  single  panels  and  one  three-panel  assemblage.   One  of  the  single 
panels  was  unimpregnated  concrete.   Additional  static  tests,  well  within 
the  elastic  limit  of  PIC,  were  planned  for  the  fatigue  test  setups  of 
both  single-panel  and  three-panel  configurations. 

Two  fatigue  tests  were  planned.   The  first  test  was  to  be  on  a 
single-panel  with  the  second  test  on  a  three-panel  assemblage.   Loading 
was  to  be  cycled  until  failure  occurred  or  until  1  million  cycles  was 
reached.   If  failure  had  not  occurred  in  1  million  cycles,  the  load  was 
to  be  increased  and  the  test  restarted. 

Horizontal  shear  tests  of  the  connection  between  panels  and  the 
girder  were  planned.   The  center  girder  and  panel  connection  section 
were  sawed  from  previously  tested  single  panels  and  used  for  this 
testing. 

Drying  concrete  prior  to  impregnation  required  subjecting  pre- 
stressing  strands  to  elevated  temperatures.   Typical  drying  temperatures 
in  PIC  research  have  been  as  high  as  350°  F  which  could  cause  excessive 
relaxation  of  the  prestressing  strand.   Using  a  stabilized  strand  and 


not  exceeding  212°  F  as  a  drying  temperature  would  result  in  a  pre- 
stress  loss  of  only  around  6  percent  according  to  the  strand  manufacturer, 
Since  this  was  an  area  of  concern,  tests  were  planned  to  evaluate  the 
effect  of  elevated  temperatures  on  prestress  loss  in  the  prestressing 
strands . 

Fatigue  tests  of  PIC  and  plain  concrete  specimens  were  included  in 
the  program.  The  specimens  for  this  testing  were  to  be  3-  by  6-  by 
54-inch  beams  with  no  prestressing.  The  stress  levels  planned  for  this 
program  were  70,  80,  and  90  percent  of  ultimate  strength.  Specimens 
were  to  be  subjected  to  a  maximum  of  10  million  cycles. 

Information  on  the  effect  of  subzero  temperatures  on  PIC  was  limited. 
Since  bridge  decks  in  many  areas  are  exposed  to  subzero  temperatures, 
additional  information  of  these  effects  was  important.   Consequently, 
compressive,  tensile,  and  flexural  strength  tests  were  planned  for  both 
plain  concrete  and  PIC  at  -40°  F.  Tests  of  companion  specimens  were  to 
be  made  at  70°  F  to  provide  a  basis  of  comparison. 

Weighing  concrete  specimens  before  and  after  impregnation  and  poly- 
merization was  used  in  PIC  research  to  determine  whether  a  specimen  was 
fully  impregnated  and  polymerized.   Destructive  tests  of  specimens  have 
proven  this  was  a  reliable  method  of  obtaining  the  desired  results. 
However,  verification  of  complete  impregnation  and  polymerization  was 
possible  only  after  a  specimen  had  been  destroyed.   Since  the  deck 
panels  were  larger  than  any  specimens  previously  impregnated,  a  method 
of  verifying- the  completeness  of  impregnation  and  polymerization  prior 
to  testing  was  desirable.  Therefore,  a  study  was  incorporated  into  the 
program  to  evaluate  nondestructive  test  procedures  that  might  be  used  to 
determine  the  degree  and  uniformity  of  impregnation  and  completeness  of 
polymerization . 


PANEL  DESIGN 

The  initial  objective  of  the  research  was  to  design  a  segmental 
system  of  panels  that  could  be  used  to  form  a  bridge  deck  which  made 
use  of  the  structural  and  durability  properties  of  PIC. 

Certain  basic  criteria  were  established  to  simplify  the  design  para- 
meters which  would  be  encountered  if  a  general  design  study  had  been 
performed.  These  criteria  were  the  following: 

1.  Bridge  length  of  90  feet  without  skew 

2.  Concrete  girders  with  a  maximum  spacing  of  8  feet  center-to- 

center 

3.  Maximum  live  load  of  an  HS20-44  truck  load  of  the  American 

Association  of  State  Highway  and  Transportation  Officials 
(AASHTO) 

Other  secondary  criteria  were  established  prior  to  and  during  the 
design  to  make  the  design  more  realistic  for  actual  construction.   These 
criteria  were  the  following: 

1.  The  precasting  must  follow  current  acceptable  practices  of  pre- 

cast manufacturers  pertaining  to:  material,  tolerances,  and 
quality  control. 

2.  The  completed  bridge  deck  surface  must  be  smooth  enough  to  pro- 

vide acceptable  riding  quality  without  a  topping. 

3.  The  completed  deck  must  develop  a  composite  action  with  the 

girders. 

4.  The  panel-to-girder  connections  should  provide  adjustment  for 

variable  girder  camber  and  possible  panel  warpage.  Also, 

the  connection  was  to  be  made  without  the  use  of  holes  through 

the  panel. 

5.  Panel-to-panel  connections  must  provide  for  shear  transfer 

between  adjacent  panels. 

6.  It  was  desired  that  the  deck  be  erected  without  any  immediate 

welding,  bolting,  or  grouting  that  would  possibly  detain 
erection  equipment  for  any  job  function  not  directly  related 
to  erection. 

7.  Design  the  system  to  eliminate  tensile  cracking  or  "working"  of 

the  panel-to-panel  joints  under  all  service  load  conditions. 

Since  dead  and  live  loads  on  a  bridge  deck  are  mainly  transferred 
to  the  bridge  girders  in  the  transverse  direction,  it  was  decided  that 
a  transverse  panel  concept  would  be  used.  The  panel  dimensions  were 


limited  by  the  size  of  impregnation  facility  that  was  built  under  this 
research  study  to  treat  the  panels  and  the  size  of  the  test  facility  to 
test  the  various  single-  and  three-panel  configurations.  A  panel  length 
of  16  feet  and  a  width  of  4  feet  was  established  to  allow  a  two-span 
continuous  test  of  a  panel,  as  shown  in  figure  1. 

Separate  and  independent  panel  designs  were  made  by  the  USBR  and 
PCC.  A  summary  of  the  designs  for  the  panel  is  presented  in  appendix  A. 
Figure  2  shows  the  panel  layout  as  determined  by  the  design.   The 
approach  of  using  two  design  teams  for  the  panel  design  allowed  PCC's 
experience  in  prestress  concrete  design,  fabrication,  and  construction 
to  be  combined  with  the  USBR's  capability  in  elastic  analysis,  concrete 
design,  and  applied  research.  While  the  designs  were  separate  and 
independent,  close  coordination  was  maintained  between  the  design  teams 
so  both  teams  would  be  using  the  same  basic  assumptions  for  physical 
properties,  dimensions,  etc.   Figure  3  shows  the  connection  details  as 
dictated  from  the  final  design. 

The  specifications  of  AASHTO  were  used  to  the  extent  possible. 
However,  AASHTO  specifications  do  not  apply  to  either  precast  bridge 
decks  or  PIC.   Other  guides  were  used,  foremost  being  the  Building  Code 
Requirements  for  Reinforced  Concrete  (ACI  318-71). 

Two  design  approaches  were  used:  AASHTO  design  and  elastic  analysis 
For  the  final  design  of  the  panels  more  reliance  was  given  to  the  use  of 
elastic  analysis  because,  for  a  research  program  more  exact  analytical 
techniques ^are  desirable  to  verify  test  results. 

Material  Properties 

The  concrete  strength  for  the  panels  was  established  as  a  5,500  lb/ in 
mix  design  with  a  24-hour  release  strength  of  4,000  lb/ in2.   The  3/8-inch- 
diameter  prestressing  steel  to  be  used  was  ASTM  A-416  seven-wire  strand 
with  an  ultimate  strength  of  270  kips/in2. 

The  specified  compressive  strength,  mo lulus  of  elasticity,  modulus 
of  rupture,  and  permissible  shear  stress  for  PIC  were  established  from 
previous  test  data  as  referenced  in  the  the  Background  section.  These 
are  as  follows: 

fc  =  15,000  lb/ in  (specified  compressive  strength) 

E  =  6,000,000  lb/ in2  (modulus  of  elasticity) 

fr  =  1,300  lb/ in2  (modulus  of  rupture) 

vc  =  750  lb/in2  (permissible  shear  stress) 
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The  above  values  were  selected  based  on  the  statistical  signifi- 
cance and  amount  of  the  referenced  test  data.  A  greater  amount  of  data 
was  available  on  compressive  strength  and  modulus  of  elasticity  than  was 
available  for  modulus  of  rupture  and  permissable  shear  stress.  Hence, 
it  was  necessary  to  have  a  greater  standard  deviation  criteria  for 
modulus  of  rupture  and  permissable  shear  stress  than  that  required  for 
compressive  strength  and  modulus  of  elasticity.   This  was  the  first  time 
a  design  had  been  performed  using  methyl  methacrylate  impregnated  and 
thermal-catalytic  polymerized  concrete.   Therefore,  it  was  necessary  to 
establish  values  that  were  known  to  be  attainable  during  the  production 
of  the  panels. 

A  material  strength  and  fabrication  tolerance  reduction  factor,  <j>, 
is  applied  to  the  design  strengths  to  predict  load  carrying  capacity  of. 
the  PIC. 

Panel  Thickness 

Conventional  cast-in-place  reinforced  concrete  bridge  decks  with 
girder  spacing  of  8  feet  center- to-center  have  a  thickness  of  7-1/2  inches 
or  greater  because  of  the  minimum  cover  requirements  specified  in  AASHTO. 
The  increased  structural  properties  of  PIC  indicate  that  a  thinner  panel 
of  PIC  would  carry  the  load.   The  thickness  of  the  test  panels  was 
selected  to  assure  an  acceptable  riding  quality  based  on  dynamic 
response.  As  presented  in  appendix  A,  page  141,  a  6-inch-thick  PIC 
deck  should  have  similar,  if  not  better,  dynamic  response  than  a 
7-1/2-inch  conventional  reinforced  concrete  deck.  Hence,  the  6-inch 
thickness  for  the  panel  design  was  established. 

Loading  Conditions 

Loading  conditions  for  the  design  are  presented  in  appendix  A, 
page  142.  Maximum  wheel  load  for  service  load  conditions,  including 
impact,  is  20,800  pounds  over  a  5-  by  20- inch  area.   The  20- inch  dimen- 
sion being  perpendicular  to  the  direction  of  traffic. 

Panel  Design  Using  AASHTO  Specifications 

Initially  in  the  program  a  panel  design  was  performed  using  Standard 
Specifications  for  Highway  Bridges  adopted  by  the  American  Association 
of  State  Highway  Officials  (AASHO) ,  10th  Edition,  1969.  However,  the 
computations  presented  in  appendix  A,  pages  143  through  149,  are  mainly 
based  on  the  more  current  AASHTO,  11th  Edition,  1973,  and  Interim 
Specifications  Bridges,  1974.   The  AASHTO  design  of  the  panel  made  use 
of  section  1.3.2. (c)  to  determine  the  simple  span  live  load  moment.  The 
AASHTO  design  is  based  on  a  reinforced  cast-in-place  concrete  slab  which 
does  not  have  the  possible  discontinuity  that  the  transverse  joints 
between  panels  in  a  precast  system  might  produce.   On  page  150  of 
appendix  A,  an  effective  width  for  wheel  load  distribution  was 
determined.   The  required  width  was  5.24  feet  which  is  greater  than 


ft  = 

250 

lb/in 

ft  = 

734 

lb/ in2 

(maximum) 

ft  = 

367 

lb/in2 

(minimum) 

ft  = 

273 

lb/in2 

the  established  4-foot  width  of  the  panel.   With  this  difference  the 
application  of  AASHTO  for  design  of  the  panel  was  questionable. 

An  interesting  comparison  of  allowable  tension  stress  in  the  pre- 
compressed  tensile  zone  from  the  AASHO  (1969),  AASHTO  (1973),  and 
Interim  Specifications  (1974)  can  be  made  at  service  load  conditions 
after  prestress  losses  have  occurred.   AASHO  (1969)  allows  3  /Fc   but  not 
to  exceed  250  lb/in2,  AASHTO  (1973)  allows  6  /££  or  3  /Fc  for  severe 
corrosive  exposure  conditions,  and  Interim  (1974)  under  allowable  service 
load  stresses  allows  extreme  fiber  stress  to  be  0.21  times  modulus  of 
rupture  from  tests.   Hence,  the  following  allowable  tension  stresses  (ft) 
might  be  considered  if  f'c   equal  15,000  lb/ in2  and  fr  equals  1,300  lb/in2 
as  established  for  PIC: 

1.  AASHO  (1969) 

2.  AASHTO  (1973) 

or 

3.  Interim  (1974) 

The  AASHTO  design  in  appendix  A  was  based  on  the  273  lb/in2  allow- 
able tensile  stress  because  of  the  available  modulus  of  rupture  data, 
and  it  provides  a  more  conservative  design  than  that  produced  based  on 
ft  from  AASHTO  (1973) . 

Panel  Design  Using  Elastic  Analysis 

Two  different  and  separate  elastic  analysis  techniques  were  per- 
formed by  the  USBR  and  PCC  to  determine  slab  moments  considering  only 
one  span  of  the  panel  as  a  flat  plate  with  various  boundary  conditions. 
Additional  slab  moments  due  to  differential  displacement  and  torsional 
rotation  of  the  girders  were  determined  from  a  three-dimensional  analysis 
of  the  assumed  bridge.   The  USBR  used  an  in-house  indeterminate  struc- 
tural analysis  computer  program  "STR5"  and  modeled  the  panels  using 
finite  bending  elements,  appendix  A,  pages  151  through  154.   While  PCC 
made  use  of  a  graphical  technique  of  moment  influence  surfaces  in  slabs, 
as  presented  by  A.  Pucher  in  "Einflussf elder  Elasticher  Platten," 
Springer  Verlag,  Berlin.   The  PCC's  analysis  is  shown  in  appendix  A, 
pages  160  through  163. 

Using  the  finite  bending  elements,  an  analytical  model  was  defined 
which  modeled  three  panels  adjacent  to  each  other  between  two  girders. 
Each  panel  was  4  feet  wide  and  6  feet  2  inches  long.   The  4-foot 
dimension  of  the  panels  on  one  girder  support  was  fixed  against  rotation 
and  vertical  displacement,  which  simulates  a  continuous  edge  of  an 
actual  panel.   While  the  opposite  4-foot  dimension  was  assumed  free  to 
rotate  about  a  longitudinal  bridge  axis  but  fixed  against  transverse 
rotation  and  vertical  displacement.   The  transverse  joint  between  panels 
had  equal  vertical  displacement  but  the  panel  edges  adjacent  to  the 
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transverse  joint  had  independent  rotations.   This  simulates  only  a  shear 
transfer  across  the  transverse  joint  between  the  panels.   Live  load  plus 
impact  of  20,800  pounds  was  applied  as  a  uniform  load  of  130  lb/ in  on 
8-  by  20-inch  elements  or  144  lb/in^  on  8-  by  18-inch  elements  to  simu- 
late various  positions  of  a  wheel  load.   Plate  bending  moments  and 
shears  from  the  analysis  for  various  loads  and  positions  in  the  model 
are  presented  in  appendix  A  starting  on  page  154. 

Using  A.  Pucher's  graphical  technique  of  moment  influences  surfaces, 
one  panel  was  modeled  between  two  girders.   The  panel  was  4  feet  wide 
and  6  feet  long.   The  4- foot- wide  edges  were  assumed  to  be  fixed  and 
the  6-foot  edges  were  assumed  to  be  free.   A  live  load  of  16,000  pounds 
was  applied  to  the  panel  in  two  locations  to  determine  panel  bending 
moments.   In  this  analysis  only  one  panel  was  considered  and  some 
adjustment  of  moments  was  required  because  of  shear  transfer  to  adjacent 
panels.   It  was  initially  assumed  for  the  live  load  at  the  free  edge  of 
the  panel  that  the  adjacent  panel  would  carry  40  percent  of  the  load 
through  shear  transfer  in  the  transverse  joint.   A  refined  distribution 
was  made  by  checking  deformations,  making  a  refined  shear  assumption, 
and  repeating  computations  until  panel  edge  compatibility  existed. 

From  both  of  the  elastic  analyses  the  controlling  load  position  for 
design  was  when  the  wheel  load  was  at  the  panel  edge.   Only  one  wheel 
load  was  considered  because  more  wheel  loads  and  less  tire  pressure 
would  have  produced  less  critical  design  moments.   Each  analysis  made 
use  of  adjustment  factors.   In  the  finite  bending  element  analysis, 
negative  moments  in  the  panel  at  the  girder  were  found  to  be  the  most 
critical.   Since  the  girder  flange  can  bend  slightly  and  the  panel  is 
continuous  over  the  girder,  at  the  completely  fixed  support,  the  nega- 
tive moments  were  reduced  by  75  percent  and  positive  moments  at  midspan 
of  the  panel  were  increased  by  25  percent.   Using  A.  Pucher's  graphs 
the  negative  and  positive  moments  in  the  panel  were  assumed  equal  and 
reduced  by  20  percent  by  assuming  panel  continuity  across  the  girder 
supports.   A  comparison  of  moments  from  the  two  analyses  is  presented 
in  appendix  A  on  pages  161  and  162  for  live  load  plus  impact. 

Neither  elastic  analysis  took  into  consideration  the  additional 
moment  introduced  into  the  slab  because  of  differential  displacement 
and  torsional  rotation  of  the  girders  due  to  live  loadings.   A  three- 
dimensional  analysis  was  made  of  the  assumed  bridge  configuration, 
appendix  A,  pages  163  through  165.   This  analysis  shows  that  an  addi- 
tional negative  moment  in  the  panels  of  1.0  ft-kip/ft  has  to  be  added 
to  the  moments  from  the  elastic  analyses  of  the  panels.   A  summary  of 
final  design  moments  from  both  analyses,  which  includes  slab  moment  due 
to  differential  girder  movement,  is  presented  in  appendix  A,  page  166. 

The  required  prestressing  was  designed  for  both  allowable  stresses 
and  load  factor,  both  of  which  are  controlled  by  tension  stresses.   In 
the  design  for  allowable  stresses,  if  tension  stress  (ft)  is  based  on 
modulus  of  rupture,  14  strands  per  panel  are  required.   However,  if  f 
is  based  on  3  /fc  then  only  12  strands  per  panel  are  required, 


appendix  A,  page  168.   For  load  factor  design  it  was  necessary  to 
determine  a  load  factor  or  factor  of  safety,  appendix  A,  page  169. 
AASHTO  gives  a  load  factor  of  2.3  but  this  is  believed  to  be  excessive 
and  limited  to  girders  and  other  main  members.  No  consideration  for 
precast  prestressed  decks  is  made  within  AASHTO.   From  ACT,  a  load 
factor  of  2.0  was  obtained,  which  is  believed  to  be  more  applicable 
to  this  type  of  construction.  Hence,  in  using  the  2.0  factor  of  safety 
the  USBR  analysis  required  10  strands  per  panel  and  PCC  analysis 
required  12  strands  per  panel.   If  10  strands  per  panel  were  used,  much 
closer  attention  would  be  required  in  placing  the  strands  near  the  edge 
of  the  panel  because  the  panel  bending  moments  are  greater  at  the  edge 
of  than  at  the  center  of  the  panel.   Since  the  service  load  design 
requires  12  strands  per  panel  and  PCC's  analysis  requires  12  strands 
per  panel,  the  final  prestress  pattern  was  selected  as  12  strands  per 
panel.  From  appendix  A,  page  172,  this  pattern  provides  an  ultimate 
moment  capacity  of  703. 2- inch- kips  for  the  panel. 

The  prestress  design  was  based  on  the  assumptions  that  the  initial 
stress  would  be  0.7  of  the  ultimate  strength  of  the  prestressing  steel 
or  189  kip/in2  and  the  prestress  loss  would  be  21  percent.   The  pre- 
stress losses  due  to  all  causes  were  as  follows: 

2 

1.  Elastic  shortening  =  5,000  lb/ in 

2.  Shrinkage  =  18,600  lb/ in 

3.  Creep  =  4,600  lb/ in 

2 

4.  Strand  relaxation  =  11,400  lb/ in 

This  totals  39,600  lb/ in2  and  gives  a  final  predicted  stress  of 
149,400  lb/ in2  or  a  uniform  concrete  stress  of  530  lb/ in2. 

Excessive  strand  relaxation  would  result  if  stress  relieved  strands 
were  used  in  the  panels  because  of  the  elevated  temperatures  necessary 
for  drying  the  panels  prior  to  treatment  to  form  PIC  panels.   Stabilized 
strand  which  the  C.F.^I.  Steel  Corporation  estimated  would  have  a 
relaxation  of  about  6  percent  if  a  drying  temperature  of  212°  F  was  not 
exceeded  was  selected. 

A  check  of  bending  about  the  transverse  bridge  axis  in  the  panel 
was  made,  appendix  A,  pages  173  and  174.   It  was  found  under  service 
load  conditions  a  tension  stress  of  514  lb/in2  develops  which  exceeds 
3  /fc  but  this  occurs  in  the  bottom  of  the  panel  and  would  not  affect 
panel  durability.   However,  in  using  load  factor  design,  the  stress  is 
1,028  lb/in2  which  is  less  than  the  1,300  lb/ in2  ultimate  design  modulus 
of  rupture  strength. 

It  was  determined  that  a  limited  amount  of  longitudinal  post- 
tensioning  would  be  beneficial  for  pulling  the  panels  together  during 
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deck  erection  and  to  assure  a  permanent  closure  of  the  transverse  joints 
in  the  deck.   Permanent  closure  of  the  transverse  joint  would  enhance 
the  durability  of  the  deck.   A  value  of  30  lb/in2  was  believed  adequate 
to  assure  permanent  closure.   To  obtain  the  30  lb/in2  it  was  decided  to 
use  3/8-inch  longitudinal  strands  on  4-foot  centers  and  design  for  a 
temperature  differential  of  160°  F.   The  temperature  differential  was 
determined  by  considering  a  maximum  temperature  of  120°  F  and  a  minimum 
temperature  of  -40°  F.   The  30  lb/ in2  was  obtained  by  stressing  the 
longitudinal  strands  to  60  percent  of  the  ultimate  which  produced  a  con- 
crete stress  of  48  lb/in2  or  a  post-tensioning  force  of  55,300  pounds. 
This  allowed  for  a  prestress  loss  of  approximately  37  percent  due  to 
creep  in  the  panels  and  the  160°  F  temperature  change. 

A  check  of  shear  through  the  transverse  joint  was  made,  appendix  A, 
pages  175  and  176.   Maximum  shear  was  found  when  the  wheel  load  was  on 
the  middle  panel  next  to  the  transverse  joint.  A  shear  area  in  the 
transverse  joint  was  assumed  as  one-third  the  thickness  of  the  panel. 
It  was  found  under  service  load  conditions  the  maximum  shear  stress  was 
145  lb/in2  which  is  less  than  1.8  >/Tc,  and  under  load  factor  design  the 
shear  stress  was  290  lb/in2  which  is  less  than  the  750  lb/in2  permissible 
shear  stress  established  for  PIC. 

Bond  Development  in  Ends  of  Panel 

The  requirements  for  bond  development  were  investigated  for  the 
ends  of  the  panel,  appendix  A,  pages  177  through  181.   Maximum  positive 
moments  in  the  panel  due  to  live  load  plus  impact  were  obtained  from 
the  finite  bending  element  analysis  for  various  loading  positions.   A 
conservative  assumption  was  made  which  considered  the  maximum  moments 
due  to  dead  load  plus  live  load  plus  impact  to  be  uniform  for  the 
4  feet  of  panel  width.   Knowing  the  amount  of  prestressing,  the  modulus 
of  rupture  of  PIC,  and  assuming  the  21  percent  prestress  losses  a 
cracking  moment  was  computed.   Using  AASHTO,  required  bond  lengths  were 
computed  for  cracking  moment  and  ultimate  moment,  which  were  19.2  inches 
and  63.9  inches,  respectively. 

A  diagram  of  moment  versus  distance  from  the  end  of  the  panel  was 
plotted,  appendix  A,  page  181.   It  was  found  that  the  moments  using  the 
load  factor  of  2.0  were  not  contained  under  the  ultimate  moment  capacity 
of  the  panel  but  were  contained  under  the  cracking  moment  capacity  of 
the  panel.   From  pullout  tests  it  has  been  determined  that  bond  strengths 
for  steel  are  greater  in  PIC  than  conventional  concrete.   Hence,  if  the 
bond  development  length  for  ultimate  moment  is  reduced  30  percent  the 
load  factor  moments  are  contained  under  the  adjusted  ultimate  moment 
capacity. 

The  conditions  for  bond  development  are  not  believed  to  be  critical 
since  cracking  moment  capacity  easily  contains  the  moments  using  load 
factors.   Also,  bond  development  is  not  as  critical  if  the  panel  length 
is  equal  to  the  bridge  width. 
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PANEL  AND  GIRDER  FABRICATION 

Panel  Fabrication 

The  panels  and  related  control  test  specimens  were  cast  in  2  days 
at  the  Denver  plant  of  PCC.   Ten  16-foot,  two  6-foot,  and  two  5-foot-long 
panels  were  cast.  Related  control  test  specimens  consisted  of  six  2-foot- 
long  shrinkage  panels,  fifty  4-  by  4-  by  30-inch  bars,  and  one  hundred 
forty- two  6-  by  12-inch  cylinders.   Test  bars  and  cylinders  were  made 
throughout  the  casting  operation  to  monitor  the  consistency  of  the  con- 
crete in  all  panels.  A  drawing  such  as  shown  in  figure  4  was  made  for 
each  day  of  casting  to  assure  placing  the  correct  number  of  specimen 
molds  at  the  desired  locations. 

Casting  was  performed  in  a  flat  bottom  box  girder  bed  6  feet  wide 
and  110  feet  long,  figure  5.   Placing  the  panel  forms  to  one  side  of  the 
bed  left  approximately  2  feet  on  the  other  side  in  which  to  place  test 
specimen  molds.   Prestressing  the  strands  was  accomplished  by  applying 
a  force  of  16,000  pounds  to  each  strand  which  resulted  in  189,000  lb/in^ 
prestress  in  the  strand.   This  load  produced  a  strand  elongation  of  about 
9  inches.  Figure  6  is  a  closeup  view  of  a  portion  of  the  bed  ready  for 
placing  concrete.   In  this  view,  the  embedded  plate  for  midpanel  connec- 
tion to  the  girder  can  be  seen.  Also  in  evidence  are  the  prestressing 
strands  and  the  conduit  for  longitudinal  post-tensioning  cables. 

A  standard  PCC  mix  for  prestressed  members  as  shown  below  was  used: 

Cement 720  lb/cu  yd 

Water 35  gal/cu  yd 

Sand 1,110  lb/cu  yd 

Coarse  aggregate  1,860  lb/cu  yd 

Admixtures: 

Pozzolith  82  water  reducing 

agent 6.0  oz/sk  cement 

MBVR  air  entraining  agent   3/4  oz/sk  cement 

This  mix  was  designed  to  yield  a  28-day  strength  of  5,500  lb/in^ 
and  a  24-hour  strength  of  4,000  lb/in^  for  prestress  release.   Control 
cylinders  tested  yielded  average  strengths  of  5,700  and  5,400  lb/ in 
for  the  two  casts  at  strand  release.   Slump  measurements  were  made  each 
day  of  casting.  The  average  slumps  were  3.3  inches  and  3.5  inches, 
respectively.   Once  concrete  placement  started,  it  was  continuous  until 
all  panels  were  cast.   Placement  of  the  concrete  took  about  1-1/2  hours. 

Measurements  on  panels  were  planned  to  obtain  additional  informa- 
tion on  prestress  loss  due  to  elastic  shortening,  shrinkage,  creep,  and 
stress  relaxation  of  the  prestress  strand.   This  required  the  installa- 
tion of  gage  points  while  the  panels  were  being  cast.   Five  Whittemore 
gage  points  spaced  10  incheL  apart  were  installed  in  each  of  the  three 
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2-foot-long  shrinkage  panels  cast  each  day.   The  gage  points  were  secured 
to  a  metal  template  and  then  inserted  into  the  fresh  concrete  perpendicu- 
lar to  the  prestress  strands  at  the  center  of  the  panel.  An  invar  tube 
extensometer  was  used  to  measure  length  change  in  the  panels.   Gage 
points  for  this  extensometer  were  placed  12  feet  apart,  7-3/4  inches 
from  each  side  of  the  panels.   Immediately  after  a  trowel  finish  had  been 
applied,  these  gage  points  were  installed.   Lifting  lugs  were  also 
installed  in  the  fresh  concrete  at  this  time.   Finally  a  broom  finish  was 
applied  to  the  panel  surface.   Since  the  concrete  was  still  fresh  when 
the  broom  finish  was  applied,  great  care  was  required  not  to  disturb  any 
of  the  gage  points. 

After  all  of  the  concrete  had  been  placed  and  finished,  a  cover  was 
placed  over  the  bed.   The  bed  was  then  heated  by  steam  in  pipes  located 
under  the  bed  and  the  concrete  radiantly  cured  overnight  at  a  temperature 
of  125°  F  for  the  first  day's  casting  and  105°  F  for  the  second  day's 
casting. 

The  day  following  the  first  casting,  the  cover  was  removed  from  the 
bed.  Prior  to  cutting  the  prestressing  strands,  panel  length  and 
shrinkage  panel  measurements  were  made.   When  all  measurements  had  been 
completed,  the  prestressing  strands  were  cut  with  a  torch.   The  same 
measurements  were  repeated  to  determine  the  effect  of  the  prestressing. 
Upon  completion  of  all  measurements,  the  panels  were  removed  from  the 
bed  and  stacked,  figure  7. 

The  same  procedure  was  followed  for  the  panels  cast  on  the  second 
day  except  that  the  bed  remained  covered  for  three  nights  before  making 
measurements  and  removing  the  panels.  Also,  instead  of  stacking  the 
panels  at  the  plant,  they  were  placed  upon  a  truck  and  delivered  to  the 
impregnation  facility  at  the  Denver  Federal  Center. 

Girder  Fabrication 

The  girder  cross  section,  figure  8,  is  similar  to  a  proposed  Colorado 
Division  of  Highways  standard  G54.   Nine  of  the  girders  were  6  feet  long 
and  six  were  12  feet  6  inches  long.   Since  the  girders  were  to  be 
anchored  to  a  test  floor,  the  full  depth  and  bottom  configuration  of  the 
Colorado  standard  G54  girder  were  not  required. 
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IMPREGNATION  FACILITY 

Impregnation  of  the  panels  posed  a  problem  at  the  beginning  of 
the  program.   The  largest  impregnation/polymerization  facility  in  the 
country  at  that  time  was  the  USBR  facility  at  the  Denver  Federal 
Center.   This  unit  had  been  designed  for  treating  concrete  pipe  and 
smaller  test  specimens  and  could  not  be  used  for  treatment  of  specimens 
as  large  as  the  panels.  Therefore,  it  was  necessary  to  expand  this 
capability  to  treat  the  panels. 

Primarily  the  new  equipment  consisted  of  a  large  stainless  steel 
impregnation/polymerization  tank,  a  stainless  steel  carrier  for  panels, 
a  stainless  steel  monomer  transfer  tank,  and  an  oven.  The  interior 
diameter  of  the  impregnation/polymerization  tank  is  6  feet,  and  it  is 
19  feet  long.   The  specimen  carrier  is  4  feet  3  inches  wide,  16  feet 
9  inches  long,  and  2  feet  9  inches  deep.   The  vertical  monomer  transfer 
tank  is  4  feet  in  diameter  and  holds  6,000  gallons.   A  drawing  of  the 
impregnation/polymerization  tank  and  specimen  carrier  is  shown  in 
figure  9.   Figure  10  is  a  photograph  of  the  complete  impregnation/ 
polymerization  facility. 

Four  basic  steps  as  follows  were  involved  in  the  impregnation/ 
polymerization  process: 

1 .  Drying  the  concrete 

2.  Evacuating  air  from  the  dried  panels 

3.  Impregnating  panels  by  immersing  them  in  monomer  under 

pressure 

4.  Polymerizing  the  monomer  in  the  panels  by  application  of 

heat 

The  most  time  consuming  step  in  the  process  was  drying  the  concrete, 
To  assure  full  penetration  of  the  monomer  into  the  concrete,  the  con- 
crete must  be  almost  completely  dry.  The  criteria  establishing  dry  was 
that  no  further  weight  loss  occurred  on  continuing  exposure  to  elevated 
drying  temperature.   In  previous  PIC  research,  this  condition  was 
reached  in  24  hours  at  a  drying  temperature  of  350°  F.   However,  dis- 
cussions with  industry  representatives  indicated  that  if  conventional 
stress  relieved  prestressing  strands  were  subjected  to  an  extended 
drying  period  at  350°  F,  excessive  stress  relaxation  would  occur.   There- 
fore, a  strand  manufacturer  recommended  the  use  of  stabilized  prestress 
strand  which  has  lower  stress  losses  due  to  strand  relaxation.   From 
tests  they  conducted  at  a  temperature  of  212°  F  the  relaxation  loss  for 
stabilized  strand  is  approximately  6  percent.   Accordingly,  a  drying 
temperature  of  200°  F  was  established  for  this  research  study.   Since 
weighing  the  panels  was  the  only  means  for  determining  whether  the 
panels  were  dry,  it  was  necessary  to  establish  a  drying  period  which 
would  be  needed  before  starting  treatment  of  the  panels.   Accordingly, 
two  6-foot-long  and  two  5-foot-long  panels  were  oven  dried,  and  weight 
measurements  were  taken  after  7,  12,  14,  and  15  days.   No  significant 
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weight  loss  was  evident  after  12  days.   Therefore,  a  drying  period  of 
2  weeks  was  established  for  the  16-foot-long  panels. 

A  load  cell,  placed  between  the  crane  hook  and  the  lifting  sling, 
was  used  to  weigh  the  panels.   Before  weighing  the  panels,  the  load  cell 
was  calibrated  by  lifting  a  known  weight  of  about  5,000  pounds  as  shown 
in  figure  11.  The  load  cell  can  be  seen  between  the  crane  hook  and  lift- 
ing sling  in  this  figure.  After  calibrating  the  load  cell,  panels  were 
picked  up  and  placed  in  the  oven  as  shown  in  figure  12.   Undried  panel 
weights  were  obtained  at  this  time.   Companion  test  cylinders  were  dried 
in  the  oven  and  impregnated  with  the  panels. 

After  2  weeks  in  the  oven,  the  dried  panels  were  transferred  to  the 
specimen  carrier.  Dry  panel  weights  were  obtained  at  this  time.   The 
carrier  could  hold  four  panels  separated  by  1/2-inch  rods.   Figure  13 
shows  a  fully  loaded  carrier  which  was  then  pushed  into  the  impregnation/ 
polymerization  tank.  After  the  tank  had  been  closed,  a  vacuum  of  22 
to  23  lb/ in2  was  applied  and  held  for  2  hours  to  evacuate  air  from  the 
concrete.  During  this  period,  catalyst  was  mixed  with  the  monomer  in 
the  transfer  tank.  Monomer  was  transferred  to  the  specimen  carrier  to 
cover  the  panels  while  a  partial  vacuum  remained  in  the  tank.  After  the 
panels  were  completely  submerged  a  pressure  of  60  lb/in2  was  applied  and 
maintained  for  3  hours  to  force  the  monomer  into  the  concrete.   Following 
this  step,  the  monomer  was  drained  from  the  carrier.   Polymerization 
was  achieved  by  filling  the  carrier  with  150°  F  water.  This  tempera- 
ture was  then  raised  to  160°  F  by  injecting  live  steam  into  the 
surrounding  space  in  the  tank.   Complete  polymerization  was  obtained  in 
about  4  hours. 
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TEST  PROGRAM 

In  order  to  validate  the  design  for  a  segmental  bridge  deck,  com- 
prised of  individual  polymer- impregnated  prestressed  panels,  the 
following  laboratory  tests  were  conducted: 

1.  Physical  properties  tests  to  determine  strength  and  elastic- 
ity properties  of  both  the  unimpregnated  concrete  and  PIC  used 
in  the  deck  panels  at  ambient  temperature. 

2.  Tests  of  unimpregnated  concrete  and  PIC  to  determine  physical 
properties  at  subzero  temperatures. 

3.  Fatigue  tests  of  special  PIC  and  unimpregnated  concrete  beams, 
and  of  beams  cut  from  undamaged  portions  of  previously  tested 
panels. 

4.  Tests  to  investigate  the  stress  relaxation  of  prestress  due 
to  temperature. 

5.  Static  test  of  an  unimpregnated  and  PIC  single-panel  configuration. 

6.  Static  test  of  a  PIC  three-panel  configuration. 

7.  Fatigue  test  of  a  PIC  single-panel  configuration. 

8.  Fatigue  test  of  a  PIC  three-panel  configuration. 

9.  Shear  tests  to  determine  composite  action  between  panels 
and  support  girders. 
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PHYSICAL  PROPERTIES  TESTS 
Deck  Panel  Concrete 

Specimens  to  determine  the  strength  and  elasticity  properties  of 
the  deck  panel  concrete  were  obtained  when  the  panels  were  cast. 

Seventy-eight  6-  by  12- inch  unimpregnated  cylinders  were  tested  in 
compression  to  determine  ultimate  strength  and  modulus  of  elasticity  of 
the  concrete  at  ages  of  1,  3,  5,  7,  14,  and  28  days.   Examination  of 
these  test  results,  table  2,  shows  that  the  first  day's  concrete  was 
slightly  stronger  than  that  used  in  the  second  day  of  casting.  The 
7,800  lb/in  average  28-day  strength  for  the  first  placement  and 
7,120  lb/ in2  for  the  second  may  appear  to  be  high.   However,  the  pro- 
duction operation  of  a  prestressing  plant  is  geared  to  a  24-hour  turn- 
around time  for  the  prestressing  beds.   The  specified  24-hour  strength 
is  a  required  minimum  value.   Production  of  a  concrete  achieving  a 
specified  24-hour  strength  usually  results  in  a  product  exceeding  a 
specified  28-day  strength. 

Companion  6-  by  12-inch  cylinders  were  made  from  the  concrete  in 
each  of  the  16-  and  6-foot-long  panels.   The  cylinders  were  stored, 
dried,  and  impregnated  with  their  respective  panels.   Table  3  presents 
a  summary  of  the  average  ultimate  strength  and  modulus  of  elasticity 
values  of  these  cylinders.   These  results  show  that  the  average  strengths 
were  reasonably  consistent  and  that  they  were  in  excess  of  the 
15,000  lb/ in2  used  in  designing  the  panels. 

Tables  4  and  5  summarize  results  of  flexure  tests  on  4-  by  4-  by 
30-inch  bars  of  unimpregnated  concrete  and  PIC,  respectively.   The  same 
trends  that  had  been  observed  in  the  compression  tests  were  found  in 
the  flexural  tests.   Results  were  quite  consistent,  and  the  average 
modulus  of  rupture  was  well  above  the  1,300  lb/ in2  assumed  for  the  panel 
design. 

Low  Temperature  Tests 

Bridge  decks  in  some  areas  are  subjected  to  subzero  temperatures 
so  it  was  deemed  desirable  to  determine  the  effect  of  subzero  tempera- 
tures on  PIC.   Therefore,  tests  were  conducted  at  -10°  and  -40°  F  to 
determine  the  physical  properties  at  subzero  temperatures.   Since  the 
decision  to  conduct  these  tests  was  subsequent  to  the  fabrication  of 
the  panels,  it  was  not  possible  to  obtain  test  specimens  from  the  panel 
concrete.  However,  specimens  were  cast  later  using  the  same  materials 
and  mix  proportions  used  in  fabricating  the  panels.   Twenty-six  6-  by 
12-inch  cylinders  were  cast  for  compressive  strength  tests.   Thirty-six 
3-  by  6-inch  cylinders  were  made  for  tensile  strength  tests.   Twenty-six 
3-  by  6-  by  54- inch  beams  were  fabricated  for  flexure  testing.   One-half 
of  the  compression  and  flexural  test  specimens  and  23  of  the  tensile 
test  specimens  were  impregnated  with  MMA  monomer  and  polymerized. 
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Both  strength  and  elasticity  properties  were  determined  in  com- 
pressive and  flexural  tests.  Therefore,  strain  gages  to  measure 
longitudinal  strain  were  cemented  diametrically  opposite  each  other 
at  the  center  of  the  6-  by  12-inch  cylinders.   Strain  gages  were 
affixed  at  the  center  of  the  flexure  beams  on  the  top  and  bottom 
surfaces. 

Since  only  ultimate  tensile  strength  was  determined,  no  strain 
gages  were  used  on  the  3-  by  6- inch  tensile  test  specimens. 

All  of  the  specimens  were  wrapped  in  insulation  before  bringing 
them  to  test  temperature  so  there  would  be  minimal  temperature  change 
when  they  were  moved  to  the  test  machine.  The  insulation  was  placed 
so  that  it  was  easily  removed  in  the  areas  required  for  loading  during 
testing. 

Standard  tests  were  performed  on  both  the  compression  and  flexural 
test  specimens.   Tensile  strengths  were  determined  from  direct  tension 
tests.   To  conduct  the  tensile  tests,  1/2- inch- thick  steel  plates  were 
bonded  to  the  ends  of  the  cylinders  with  epoxy.   The  plates  had 
1/2-inch-diameter  holes  drilled  and  tapped  at  the  center.  At  the  time 
of  testing,  eye-bolts  with  three  chain  links  connecting  them  to  the 
loading  heads  were  screwed  into  these  holes.  The  chain  links  were  used 
to  assure  a  straight  pull  on  the  cylinders. 

Specimens  tested  at  -10°  F  were  cooled  by  placing  them  in  a  cold 
room  maintained  at  -15°  F.   They  were  cooled  an  additional  5°  F  to 
compensate  for  any  warming  occurring  between  removal  from  the  cold  room 
and  testing.   Specimen  temperatures  were  monitored  by  thermocouples 
located  under  the  insulation.   Three  days  were  required  to  cool  the 
specimens  to  -15°  F.  They  were  then  removed  one  at  a  time  and  tested. 
The  time  interval  between  removal  and  testing  was  short  enough  that  the 
test  temperature  was  at  least  as  low  as  the  desired  -10°  F. 

To  reach  -40°  F  it  was  necessary  to  encase  the  specimens  in  dry  ice. 
Several  hundred  pounds  of  dry  ice  and  5  day's  time  were  required  to  lower 
the  specimens  to  a  temperature  of  -45°  F.   Once  this  temperature  was 
achieved,  the  specimens  were  again  removed  one  at  a  time  and  immediately 
tested. 

Results  of  the  compressive  tests  are  given  in  table  6.   Flexural 
test  results  are  presented  in  table  7,  and  table  8  shows  the  results 
from  the  tensile  tests.  Values  shown  in  these  tables  are  the  average 
values  obtained.  Definite  trends  are  apparent  from  these  tests.   It 
is  quite  conclusively  shown  that  plain  concrete  increases  in  both  com- 
pressive and  tensile  strength  at  subzero  temperatures.   PIC  on  the 
other  hand  decreases  in  strength.   The  only  exception  to  this  trend  was 
noted  in  the  flexural  tests  at  73°  F  and  -10°  F.   No  definite  influence 
of  temperature  was  apparent  on  the  modulus  of  elasticity.   Even  though 
PIC  does  decrease  in  strength  at  subzero  temperature,  it  is  still  much 
stronger  than  unimpregnated  concrete. 
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Simple  Span  Tests  of  Small  Panels 

One  6-foot  and  one  5- foot  panel  were  cast  each  day  of  the  panel 
fabrication.  They  were  provided  primarily  for  trial  runs  of  the 
impregnation  and  polymerization  treatment.   As  noted  previously,  these 
panels  were  used  in  establishing  a  required  drying  time  for  the  deck 
panels.   Both  of  the  5-foot  panels  and  one  of  the  6-foot  panels  were 
impregnated.   Breaking  the  panels  permitted  visual  inspection  to  deter- 
mine whether  the  treatment  process  yielded  fully  impregnated  panels. 
All  treated  trial  panels  were  found  to  be  fully  impregnated. 

Since  it  was  necessary  to  break  the  panels  to  inspect  the  complete- 
ness of  the  treatment  process,  test  data  were  collected  as  a  preliminary 
check  on  whether  design  assumptions  had  been  adequate.   The  6-foot  panels 
were  tested  as  a  simple  5-foot  span  with  a  concentrated  line  load  across 
the  center  of  the  span.   The  5-foot  panels  were  tested  as  a  4-foot  span. 
A  summary  of  the  test  results  is  shown  in  table  9.   The  5-foot  PIC  panels 
had  a  lower  first  cracking  strength  than  the  6-foot  PIC  panels.   This 
was  believed  due  to  a  greater  prestress  loss  in  the  shorter  length.  How- 
ever, the  ultimate  moment  of  the  panels  exceeded  the  design  ultimate 
moment.  From  these  tests  it  was  concluded  that  the  design  assumptions 
were  adequate. 

Fatigue  Tests  of  Beams 

It  was  believed  that  knowledge  of  PIC  reaction  to  fatigue  stress 
compared  with  that  of  plain  concrete  would  be  valuable.   Consequently, 
a  limited  program  of  fatigue  testing  was  included  in  the  scope  of 
the  study. 

As  with  the  low  temperature  tests,  the  decision  to  conduct  fatigue 
tests  of  beams  was  made  subsequent  to  casting  the  panels.   Consequently, 
it  was  necessary  to  fabricate  beams  for  use  in  this  testing.  Thirty 
3-  by  6-  by  54-inch  concrete  beams  were  cast  using  the  same  concrete  mix 
design  which  was  used  in  panel  fabrication.   One-half  of  the  beams  were 
impregnated  with  MMA  monomer  and  polymerized.  Additionally,  14  beams 
of  the  same  size  were  sawed  from  what  appeared  to  be  undamaged  portions 
of  PIC  panels  which  had  been  previously  tested.   The  beam  size,  particu- 
larly length,  was  dictated  by  the  size  of  beam  which  could  be  tested 
with  existing  USBR  facilities. 

The  USBR  beam  testing  machine  consists  of  a  hydraulic  power  unit, 
servo  controlled  by  two  electronic  control  units,  and  a  test  frame  with 
a  capacity  of  six  beams.   If  six  beams  are  in  the  test  frame,  the  force 
applied  to  three  of  the  beams  is  controlled  by  one  electronic  unit  while 
the  remaining  three  beams  are  under  the  control  of  the  other  unit.  At 
the  outset  of  the  program,  six  beams  were  to  be  tested  simultaneously. 
However,  problems  developed  in  one  of  the  electronic  control  units  so 
in  the  program  only  three  beams  were  tested  at  one  time,  figure  14. 
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Before  starting  fatigue  testing,  flexural  tests  were  conducted  to 
determine  the  static  modulus  of  rupture  for  the  beams.  Some  beams  were 
broken  while  calibrating  the  test  machine.   Consequently,  only  two  beams 
were  available  to  establish  the  modulus  of  rupture  for  plain  concrete, 
while  three  were  available  for  PIC,  and  four  for  the  sawed  beams.   It 
was  recognized  that  these  few  tests  were  not  enough  to  provide  a  good 
statistical  evaluation  of  the  modulii  of  rupture.  Nevertheless,  the 
ultimate  loads  to  produce  these  modulii  of  rupture  were  computed  and 
used  as  a  basis  for  fatigue  loading.  Average  ultimate  loads  were 
1,880  pounds  for  plain  concrete,  4,330  pounds  for  cast  PIC,  and 
5,625  pounds  for  the  sawed  PIC  beams.   These  loads  produced  modulii  of 
rupture  of  815  lb/ in2,  1,925  lb/ in2,  and  2,500  lb/in2,  respectively. 

It  had  been  initially  determined  to  conduct  the  fatigue  tests  at 
70,  80,  and  90  percent  of  ultimate  load.  Nine  tests  were  to  be  run. 
A  test  consisted  of  loading  three  beams  of  the  same  type  at  one  of  the 
predetermined  loads.   Loading  was  to  be  applied  until  either  a  failure 
of  one  or  more  beams  occurred  or  10  million  cycles  were  reached,  which- 
ever occurred  first.  A  cyclic  rate  of  6  Hz  was  chosen  to  limit  the 
time  required  for  10  million  cycles  to  20  days. 

The  first  tests  were  conducted  loading  to  80  percent  of  ultimate 
load.  However,  both  the  unimpregnated  concrete  and  PIC  beams  failed 
after  very  few  cycles  when  this  load  was  applied.  Therefore,  the 
program  was  revised  to  test  at  maximum  loads  of  50,  60,  and  70  per- 
cent of  the  ultimate  load.  The  minimum  load  was  held  constant  at 
10  percent  of  ultimate  in  all  tests.   Three  each,  plain  concrete  and 
cast  PIC  "beams  were  tested  at  these  loads.   In  the  50  percent  test, 
the  load  was  cycled  between  180  and  915  pounds  for  plain  concrete  and 
between  430  and  2,165  pounds  for  cast  PIC  beams.   No  failure  occurred 
in  any  beam  in  10  million  cycles.   For  the  60  percent  test,  the  load 
was  cycled  between  180  and  1,100  pounds  on  the  plain  concrete  beams  and 
between  430  and  2,600  pounds  on  the  cast  PIC  beams.   One  of  the  plain 
concrete  beams  failed  after  1,736,000  cycles,  while  none  of  the  PIC 
beams  failed  in  10,000,000  cycles.   Loading  in  the  70  percent  test  was 
cycled  between  180  and  1,280  pounds  on  the  plain  concrete  beams  and 
between  430  and  3,030  pounds  on  the  cast  PIC  beams.   Failure  occurred 
in  a  plain  concrete  beam  after  315,000  cycles  and  in  a  PIC  beam  after 
3,045,000  cycles. 

After  tests  on  the  unimpregnated  concrete  and  cast  PIC  beams  were 
completed,  fatigue  tests  were  performed  on  the  beams  sawed  from  previously 
tested  PIC  panels.  The  same  test  procedure  used  on  the  unimpregnated 
concrete  and  cast  PIC  beams  were  used  for  the  sawed  beams.   In  the 
50  percent  test,  the  load  was  cycled  between  560  and  2,810  pounds.   No 
failure  occurred  in  10  million  cycles.   Load  was  cycled  between  560 
and  3,380  pounds  in  the  60  percent  test.  One  of  the  beams  failed  after 
3,555,000  cycles.   For  the  70  percent  of  ultimate  load  test,  loading 
was  cycled  between  560  and  3,940  pounds.  One  of  the  beams  failed  after 
only  156,000  load  cycles. 
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The  modulus  of  rupture  computed  for  the  beams  sawed  from  apparently 
undamaged  portions  of  previously  tested  PIC  panels  was  greater  than  that 
computed  for  the  fabricated  PIC  beams.   It  was  therefore  anticipated 
that  the  sawed  beams  would  perform  at  least  as  well  under  fatigue  load- 
ing as  the  fabricated  panels.  The  failure  of  a  sawed  beam  under  such  a 
low  number  of  cycles  at  70  percent  of  ultimate  load  was  not  understood, 
so  three  more  sawed  beams  were  tested  at  this  load.   Failure  this  time 
did  not  occur  until  2,783,000  cycles. 

The  inferior  performance  of  the  sawed  beams  compared  with  the  fabri- 
cated beams  coupled  with  their  inconsistent  performance  was  puzzling. 
An  investigation  was  made  to  find  a  reason  for  the  lack  of,  and  incon- 
sistent performance  of,  these  beams.   In  examining  the  beam  that  had 
failed  after  only  156,000  cycles  when  loaded  to  70  percent  of  ultimate 
load,  it  was  found  that  the  beam  was  not  completely  impregnated  at  the 
break.  Also,  there  appeared  to  be  two  isolated  pockets  that  were  not 
impregnated  in  the  sawed  beam  that  was  tested  at  60  percent  of  ultimate. 
All  of  the  other  fabricated  and  sawed  beams  indicated  complete  impregna- 
tion had  been  achieved.  Another  possible  reason  for  their  performance 
may  lie  in  the  source  of  these  beams.  As  stated  previously,  they  were 
sawed  from  PIC  panels  which  had  come  from  apparently  undamaged  portions 
of  panels  which  had  been  failed  in  previous  tests.  No  damage  was  visible 
to  the  naked  eye  in  any  of  the  beams.  However,  the  possibility  exists 
that  there  were  microfractures  that  contributed  to  their  inferior 
performance . 

Test  results  of  the  beam  fatigue  tests  are  tabulated  in  table  10. 
It  is  recognized  that  the  data  obtained  in  this  study  are  too  limited 
to  provide  adequate  percent  ultimate  load  versus  number  of  cycles 
diagrams.  However,  figure  15  is  a  diagram  of  this  type  for  the  results 
obtained . 
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PRESTRESS  LOSS  TESTS 

As  previously  mentioned,  the  panels  were  designed  assuming  an  ini- 
tial stress  in  the  prestressing  strands  of  70  percent  of  their  ultimate 
strength  or  189  kip/in^.  It  was  known  that  prestress  losses  would  occur 
due  to  elastic  shortening,  creep,  and  shrinkage  of  the  concrete  as  well 
as  relaxation  of  stress  in  the  prestressing  strands.  These  losses  were 
assumed  as  21  percent  of  the  189  kip/in^  of  which  2.6  percent  was 
attributed  to  elastic  shortening,  6  percent  to  prestress  strand  relaxa- 
tion, 2.4  percent  to  creep,  and  10  percent  to  shrinkage. 

Tests  were  performed  in  the  laboratory  to  verify  the  accuracy  of 
these  assumptions.   The  corresponding  percentages  determined  in  these 
laboratory  tests  were  3.0  percent  for  elastic  shortening,  6.5  percent 
for  prestress  strand  relaxation,  4.4  percent  for  creep,  and  7.7  percent 
for  shrinkage.   The  combined  effect  from  laboratory  tests  was  21.6  per- 
cent.  Therefore,  the  assumptions  used  in  designing  the  panels  are 
believed  to  be  valid. 

Further  verification  of  the  validity  of  the  assumed  prestress  losses 
in  the  panel  design  was  achieved  later  in  the  panel  tests.  As  will  be 
discussed  later  in  the  report,  low  level  static  loads  were  applied  to  a 
single  PIC  panel  prior  to  conducting  a  fatigue  test.   An  accidental  over- 
load developed  a  longitudinal  tensile  crack  in  the  panel  while  position- 
ing the  actuator  during  erection  of  the  test  configuration.  A  plot  of 
the  stress  computed  from  strain  gage  readings  is  shown  in  figure  16.   As 
can  be  seen,  there  is  a  definite  change  in  the  slope  of  the  curve  for 
stress  versus  load.  This  change  in  slope  is  believed  to  have  occurred 
when  the  existing  tensile  crack  started  to  open.   Gages  41,  42,  and  43 
were  located  on  the  centerline  of  the  loaded  span.   The  stress  at  which 
the  change  in  load  occurred  was  530  lb/in^.   The  calculated  prestress 
assuming  a  21  percent  prestress  loss  is  also  530  lb/in^.   This  provides 
further  verification  that  the  assumed  21  percent  prestress  loss  was  a 
valid  assumption  in  designing  the  panels. 

As  stated  in  the  Panel  Fabrication  section,  gage  points  were 
installed  to  measure  length  in  the  16-foot-long  panels  and  to  measure 
concrete  shrinkage  in  the  2-foot- long  panels.   The  intent  was  to  obtain 
measurements  from  the  panels  which  would  provide  information  to  deter- 
mine prestress  losses  due  to  elastic  shortening  of  the  panels  at  strand 
release  and  losses  due  to  creep  and  shrinkage  of  the  concrete. 

Creep  and  shrinkage  in  concrete  are  both  influenced  by  the  rela- 
tive humidity  of  the  surrounding  air. 7/8/  No  relative  humidity  measure- 
ments were  made  either  at  the  plant  at  the  time  of  strand  release  or 
when  measurements  were  made  later  at  the  Denver  Federal  Center.   Con- 
sequently, the  effect  of  varying  relative  humidity  on  measurements 
could  not  be  determined.   While  temperatures  were  read  when  panel 
measurements  were  made  at  the  Denver  Federal  Center,  none  were  read  at 
the  time  of  strand  release  at  the  plant.   Again,  with  no  base  tempera- 
ture other  than  an  estimate,  temperature  effects  on  the  measurements 
could  not  be  accurately  determined. 
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It  was  also  found  while  making  panel  length  measurements  at  the 
Denver  Federal  Center  that  some  of  the  gage  points  were  loose.   It  was 
assumed  that  this  had  happened  while  the  panels  were  being  handled  in 
removal  from  the  precasting  bed  and  delivery  to  the  Denver  Federal 
Center. 

Because  of  the  foregoing  reasons,  any  evaluation  of  panel  measure- 
ments for  the  effects  of  concrete  creep  and  shrinkage  on  prestress 
losses  would  be  invalid. 

Prestress  Loss  Due  to  Elastic  Shortening 

While  panel  measurements  could  not  be  used  to  evaluate  prestress 
losses  due  to  creep  and  shrinkage  of  the  concrete,  they  were  used  to 
determine  losses  due  to  elastic  shortening  at  prestress  release.   Since 
panel  length  measurements  for  this  purpose  were  made  just  prior  to  and 
immediately  after  strand  release,  temperature  and  relative  humidity  were 
of  no  concern.  Measured  values  of  panel  shortening  are  shown  in  table  11 
The  average  shortening  of  all  of  the  panels  was  0.030  inch.  This  change 
in  length  converts  to  a  prestress  loss  of  5,626  lb/ in2  using  a  modulus 
of  elasticity  of  27,000,000  lb/in2  for  7-wire  prestressing  strand. 9/ 
The  5,625  lb/in2  stress  loss  is  3.0  percent  of  the  189,000  lb/ in2 
stress  in  the  strands  at  release.   This  value  is  quite  close  to  the 
2.6  percent  loss  assumed  for  elastic  shortening  in  the  panel  design. 

Investigation  of  High  Temperature  on  Stress  Relaxation  in  Prestressing 
Strands 

As  previously  stated,  a  prestress  strand  fabricator  estimated  that 
the  stress  relaxation  in  the  strands  would  be  about  6  percent  if  stabil- 
ized strands  were  used,  and  if  the  drying  temperature  did  not  exceed 
212°  F.  To  verify  this  estimate,  an  investigation  of  temperature 
effects  on  stress  relaxation  in  prestress  strands  was  included  in  the 
scope  of  the  study. 

Five  devices  as  shown  in  figure  17  were  fabricated  to  test  strand 
relaxation  at  various  temperatures.  Two  high  temperature  strain  gages 
were  bonded  diametrically  opposite  each  other  at  the  center  of  the  pipe 
to  measure  strain.   Prior  to  testing,  the  devices  were  calibrated  for 
both  load  and  temperature. 

Tests  were  conducted  at  temperatures  of  350°,  280°,  212°  and 
73°  F.  A  load  of  16,000  pounds,  the  same  as  the  load  applied  to  the 
strands  in  fabricating  the  panels,  was  applied  to  the  strand  in  the 
test  device  with  a  center  pull  hydrualic  ram.  The  ram  load  was  then 
removed,  as  it  is  in  normal  prestressing  operations,  using  strand 
chucks  to  maintain  the  load  in  the  strand.   It  is  recognized  in  pre- 
stressing that  a  very  slight  slippage  occurs  in  a  strand  chuck  when 
the  load  is  transferred  from  a  loading  system  to  the  strand  chuck. 
Over  the  long  length  of  a  prestressing  bed  this  slippage  is  negligible. 
However,  in  the  short  5-foot  length  of  this  test  a  reduction  of  close 
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to  40  percent  of  the  strain  was  noted.  The  device  was  modified  to 
include  wedges  between  the  strand  chuck  and  the  end  of  the  pipe.  With 
the  wedges  in  place,  it  was  possible  to  close  them  and  bring  the  load 
back  up  to  the  desired  16,000  pounds. 

One  test  was  conducted  at  each  of  the  temperatures  of  280°  and 
350°  F,  while  two  tests  were  made  at  212°  F  since  the  panels  were  dried 
close  to  this  temperature.  Data  obtained  from  these  tests  plotted  as  a 
straight  line  on  log-log  paper,  figure  18.   Data  from  these  curves  are 
shown  in  table  12.  At  212°  F  a  prestress  loss  of  6.5  percent  in 
2  weeks  was  determined.   This  is  very  close  to  the  6  percent  estimated 
by  the  strand  manufacturer.   In  2  weeks  the  prestress  loss  at  350°  and 
280°  F  was  about  22.6  percent  and  20.5  percent,  respectively.  These 
data  were  confirmed  by  measurements  to  determine  the  length  change  of 
the  pipe  during  the  test.  Measurements  were  made  with  a  10-inch  gage 
length  Whittemore  gage  after  the  strand  had  been  stressed  but  before 
the  testing  device  was  placed  in  the  oven.  They  were  repeated  when  the 
test  was  completed  and  the  pipe  had  cooled  to  room  temperature.  At  all 
temperatures,  the  stress  loss  was  within  1  percent  of  those  shown  in 
table  12  after  2  weeks. 

Laboratory  Investigation  of  Prestress  Loss  Due  to  Creep  in  Concrete 

Five  6-  by  12-inch  cylinders  to  be  used  for  creep  measurements, 
according  to  ASTM  C  512-9,  were  obtained  each  day  of  panel  casting.   The 
cylinders  had  three  equally  spaced  lines  of  inserts,  for  Whittemore  gage 
points,  embedded  8  inches  apart.   These  test  specimens  were  taken  from 
the  casting  yard  to  a  creep  testing  room  at  the  USBR.   This  room  is 
maintained  at  a  constant  relative  humidity  of  50  percent  and  73°  F 
temperature.  Three  specimens  from  each  day's  casting  were  placed  under 
a  constant  600  lb/in^  compressive  load  about  the  same  time  prestress 
strands  were  cut  to  load  the  panels.  The  remaining  two  specimens  were 
not  loaded  and  served  as  controls.   The  600  lb/in^  stress  applied  on  the 
cylinders  was  close  to  that  applied  on  the  panels  by  the  prestressing 
strands. 

Creep  measurements  were  taken  periodically  for  120  days  on  the 
loaded  and  unloaded  cylinders.   Creep  due  to  the  sustained  load  was  the 
difference  in  strain  between  the  loaded  and  control  specimens.   Creep 
from  each  of  the  loaded  cylinders  was  plotted,  and  a  smooth  curve  was 
drawn  through  the  plotted  points.   Figure  19  is  an  example  for  one 
cylinder.   For  each  day's  casting,  points  were  picked  from  the  curve  of 
each  cylinder.   The  points  were  averaged,  and  a  curve  representing  the 
average  creep  from  each  day's  casting  was  drawn,  figure  20. 

Data  from  the  laboratory  creep  measurements  were  examined  in  light 
of  predicting  prestress  loss  due  to  creep.   Over  the  years,  numerous 
mathematical  expressions  relating  creep  and  time  have  been  suggested. 
One  of  the  most  convenient  is  a  hyperbolic  expression  introduced  by 
Ross.V  He  expresses  creep,  c,  after  time,  t,  under  load  as: 
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C  "  a+bt 

where  a  and  b  are  constants  determined  from  experimental  results.  This 
expression  was  rewritten  in  the  form  of  a  straight  line  equation: 

-  =  a+bt 
c 

Data  from  the  creep  curves,  figure  20,  were  plotted  with  —  as  the  ordinate 
and  t  the  abscissa,  and  found  to  fit  extremely  well.  A  linear  regression 
was  run  on  points  from  the  straight  line  curve  to  calculate  a,  the  inter- 
cept of  the  curve  and  the  JL  axis,  and  b,  the  slope  of  the  straight  line. 
The  value  of  a  was  found  t8  be  0.044  and  0.034  for  the  first  and  second 
casting,  respectively.   The  slope,  b,  was  found  to  be  0.00338  and 
0.00308,  respectively.   The  limit  of  c  as  t  approaches  infinity  is  1/b. 
Ultimate  creep  strains  for  each  day's  casting  were  calculated  from  this 
expression  to  be,  respectively,  296  and  325  microinch  per  inch.   Using 
an  average  strain  value  of  310  microinch  per  inch,  the  ultimate  pre- 
stress  loss  due  to  creep  was  calculated  to  be  4.4  percent,  which  is 
about  twice  as  much  as  estimated  in  the  panel  design. 

The  percent  of  prestress  loss  shown  above  is  known  to  be  very  con- 
servative since  it  was  based  on  creep  tests  of  unimpregnated  concrete. 
Previous  research  has  shown  that  creep  is  not  as  great  in  PIC  as  it  is 
in  unimpregnated  concrete.   It  has  been  stated  that  for  design  purposes, 
a  creep  of  40  percent  of  that  expected  in  unimpregnated  concrete  would 
be  an  adequate  assumption  for  PIC. 6/ 

Laboratory  Investigation  of  Prestress  Loss  Due  to  Concrete  Shrinkage 

Concrete  must  be  almost  completely  dry  before  it  is  impregnated  and 
polymerized.   During  the  drying  period,  the  concrete,  in  a  short  period 
of  time,  is  dried  at  least  to  the  stage  a  normal  concrete  structure 
would  reach  in  its  lifetime.   Virtually  no  further  shrinkage  occurs 
after  impregnation  and  polymerization  of  the  concrete.   Therefore,  pre- 
stress losses  due  to  concrete  shrinkage  predicted  for  unimpregnated 
concrete  should  provide  a  reasonable  estimate  of  that  which  will  occur 
in  PIC. 

Length  measurements  were  made  on  the  4-  by  4-  by  30- inch  bars 
immediately  when  they  were  placed  in  the  50  percent  relative  humidity 
room.   Periodic  measurements  were  taken  thereafter  for  about  120  days. 
The  changes  in  length  of  the  bars  were  plotted  in  the  same  manner  as 
the  creep  data  had  been  plotted.   The  shrinkage  curves  had  the  same 
general  shape  as  the  creep  curves,  figure  21  is  an  example,  and  could 
be  expressed  in  the  same  manner.   Constants  a  and  b  were  again  determined 
for  each  day  of  casting  by  a  linear  regression.   The  value  of  a  was 
0.0212  and  0.025,  respectively,  for  the  2  days,  while  b  was  0.0019  and 
0.0018,  respectively.   From  these  values  the  ultimate  shrinkage  strain 
was  calculated  from  the  expression  A  to  be  526  and  554  microinch  per 
inch,  respectively,  for  each  day.  ° 
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An  average  ultimate  shrinkage  value  of  540  microinch  per  inch  was 
used  to  determine  a  prestress  loss  of  7.7  percent  due  to  shrinkage.  This 
is  less  than,  but  reasonably  close  to,  the  10  percent  assumed  in  the 
panel  design. 
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PANEL  TESTS 

The  final  objective  of  the  research  program  was  to  verify  the  panel 
design  by  testing  both  single-panel  and  three-panel  configurations  with 
both  static  and  fatigue  loadings.  A  sectional  view  of  the  test  con- 
figurations is  shown  in  figure  1.   The  tests  did  not  completely  simulate 
an  actual  bridge  performance  because  the  girder  bending  and  torsional 
flexibilities  were  restrained  in  the  tests.  However,  the  tests  did 
produce  sufficient  information  to  verify  the  adequacy  of  the  panel 
design. 

Throughout  the  following  discussion,  mention  will  be  made  of  trans- 
verse and  longitudinal  directions  or  axes.   Transverse  refers  to  an  axis 
which  in  all  cases  is  perpendicular  to  the  girder  supports  or  traffic 
flow  on  a  complete  bridge,  and  longitudinal  is  parallel  to  the  girder 
supports  or  traffic  flow. 

In  order  to  verify  the  design  of  the  panel  from  load  tests,  strains 
and  deflections  were  obtained  with  static  loadings  at  various  loading 
positions  shown  in  figure  22.   Static  loadings  to  20  kips  were  used  for 
this  verification  which  is  approximately  the  service  load  condition  for 
design,  based  on  a  16-kip  wheel  load  plus  30  percent  impact.   Loading  of 
the  panels  to  20  kips  was  applied  in  increments.  Strains  and  deflections 
were  obtained  at  each  incremental  load.   During  these  static  tests, 
strains  and  deflections  were  linear  with  respect  to  load.   Strains  from 
the  tested  panels  were  converted  to  stresses  by  assuming 
E  =  3,600,000  lb/ in2  and  E  =  6,000,000  lb/in2  for  unimpregnated  con- 
crete and  PIC,  respectively. 

Prior  to  performing  any  single-panel  tests  an  elastic  analysis  was 
performed  on  the  test  configuration  by  analytically  modeling  it  as  a  two 
bent  planar  frame  considering  the  girder  supports  and  panel  as  finite 
straight  uniform  cross  section  members  rigidly  connected.  Member  cross 
sections  that  simulated  the  girder  supports  were  increased  to  take  into 
consideration  average  dimensions,  and  the  three  reactions  of  the  frame 
were  fixed  against  vertical  and  horizontal  displacement  but  not  rotation. 
With  this  analytical  model ,  the  connection  between  the  girder  supports 
and  panel  was  considered  as  a  rigid  joint  which  would  be  the  case  if  the 
connection  is  integral. 

All  comparisons  of  test  results  in  the  three-panel  tests  to  analyti- 
cal values  were  based  on  the  analytical  values  obtained  in  the  finite 
bending  element  analysis  used  in  the  panel  design.   In  this  analysis  the 
connection  of  the  panel-to-girder  support  was  assumed  to  be  a  fixed 
boundary . 

From  the  results  of  the  static  tests  on  both  the  single-panel  and 
three-panel  configurations  it  was  determined  that  the  panel-to-girder 
connection  acted  more  as  a  hinged  joint  rather  than  a  rigid  joint  or 
fixed  boundary.  Hence,  the  maximum  tensile  bending  stresses  occur 
in  the  bottom  surface  of  the  panel  instead  of  in  the  top  surface  because 
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the  maximum  bending  moments  about  the  longitudinal  axis  are  caused  by  a 
positive  moment  close  to  the  midspan  rather  than  a  negative  moment  at 
the  connection.   This  is  advantageous  from  the  standpoint  of  deck 
durability  because  the  first  tensile  crack  always  occurs  in  the  bottom 
surface  of  the  deck. 

During  static  load  tests  of  all  the  PIG  panels,  the  first  crack 
developed  with  a  load  equal  to  or  greater  than  the  load  factor  design 
wheel  load  of  42  kips.  All  of  the  first  cracks  were  caused  by  positive 
bending  moment  and  occurred  in  the  bottom  surface.   Initially  in  the 
design  of  the  panels,  there  had  been  a  concern  about  the  transfer  of 
tensile  strain  at  first  crack  from  the  PIC  to  the  prestressing  strand 
because  of  the  higher  modulus  of  rupture  of  the  PIC.   However,  through- 
out the  static  testing  there  was  no  evidence  of  prestressing  strand 
rupture  due  to  the  higher  tensile  strain  energy  transfer  at  first 
crack. 

Ultimate  static  load  carrying  capacity  of  the  single-panel  and 
three-panel  configurations  was  approximately  2.2  and  3.5  times,  respec- 
tively, that  of  the  load  factor  design  wheel  load.   Ultimate  load  for 
the  tests  was  defined  as  the  load  a  test  configuration  could  sustain 
without  any  change  of  deflections  while  the  load  was  being  maintained. 
Ultimate  failure  of  the  PIC  panel  configuration  always  occurred  by 
negative  moment  tensile  cracks  developing  at  or  over  the  center  girder 
support.   These  failures  were  not  destructive  enough  to  cause  collapse 
and  the  test  configuration  remained  very  much  intact  with  reduced  load 
carrying  capability.   This  was  not  the  case  for  the  unimpregnated  single- 
panel  that  was  tested.   The  failure  of  an  end  of  panel-to-girder  connec- 
tion in  that  test  resulted  in  a  destructive  failure  mode  or  collapse 
of  the  test  configuration.   This  in  turn  points  out  the  benefits  of  the 
higher  compressive  strength  of  PIC. 

Fatigue- type  load  carrying  capacity  of  the  three-panel  configura- 
tion, when  subjected  to  the  load  factor  design  wheel  load  and  greater, 
was  proven  to  be  excellent.  No  evidence  of  panel-to-girder  connection 
failure  was  observed  during  testing  to  over  2  million  cycles  of  load. 

Assembly  of  Test  Configurations 

The  steel  floor  in  the  USBR's  vibration  testing  laboratory  was 
drilled  and  tapped  with  holes  to  position  and  hold  the  girder  supports 
and  loading  frame  for  the  panel  tests.   Stems  of  the  girder  supports 
were  secured  in  their  proper  positions  of  8  feet  center-to-center  with 
pieces  of  steel  angle  bolted  to  the  floor  as  shown  in  figure  23.   The 
2-  by  8-inch  boards  bolted  to  the  edges  of  the  girder  flange  served  a 
dual  purpose.   They  were  adjustable  vertically  to  provide  leveling 
control  for  setting  the  panels  and  also  acted  as  a  form  for  the  grout 
which  was  placed  between  the  girder  support  and  the  panel. 

After  the  girder  supports  were  in  position,  the  test  panels  were 
placed  on  edge  resting  on  a  wood  frame  built  for  this  purpose.   The 
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J-hooks  were  welded  on  the  bottom  of  the  panel  as  shown  in  figures  24 
and  25.  Strain  gages  were  bonded  to  the  bottom  surface.  Figure  26 
shows  a  typical  installation  of  2-inch- long  strain  gages  at  a  point 
where  both  transverse  and  longitudinal  strains  were  desired. 

When  all  bottom  surface  preparations  of  the  panel  had  been  completed 
the  panel  was  placed  on  the  girder  supports,  figure  27.  A  temporary  wood 
frame  shown  in  figure  28  was  attached  to  each  of  the  end  girder  supports 
to  provide  accurate  alinement  and  positioning  of  the  panel.   Similar 
procedures  were  followed  for  the  erection  of  the  three-panel  configura- 
tions except  that  prior  to  pulling  the  panels  together,  3/8-inch-thick 
strips  of  neoprene  were  cemented  to  the  panel  edges  to  contain  the  epoxy 
in  the  transverse  panel  joints.  Figure  29  shows  the  use  of  a  center 
pull  ram  on  the  longitudinal  post-tensioning  strand  to  pull  the  south 
panel  to  the  center  panel.   For  the  three-panel  tests  the  space  left 
between  the  panels  in  the  transverse  joint  was  filled  with  epoxy  while 
approximately  a  15  lb/in^  longitudinal  post-tensioning  stress  was  main- 
tained in  the  panels.  After  the  epoxy  had  cured,  a  final  longitudinal 
post-tensioning  stress  of  30  lb/in^  was  applied  to  the  panels. 

After  the  panel  or  panels  were  in  place,  and  all  required  transverse 
joint  preparation  was  completed  for  the  three-panel  tests,  the  spaces 
between  panels  and  girder  supports  were  ready  for  grouting,  figure  30. 
A  neat  cement  grout  of  high  early  strength  cement  was  used  to  complete 
the  panel-to-girder  connections,  figure  31.  High  early  strength  cement 
was  used  to  assure  a  5,000  lb/in^  compressive  strength  within  7  days. 
The  grout  was  pumped  into  the  space  through  a  3/ 4- inch  hose  which  was 
placed  lengthwise  in  the  connection.  As  grout  filled  the  space  the  hose 
was  pulled  back  so  the  connection  would  be  completely  filled  without 
large  air  pockets. 

Strain  gages  were  connected  directly  to  data  acquisition  equipment 
designed  to  perform  the  measurement  and  control  function  of  a  complete 
strain  data  recording  system.   The  accuracy  of  the  system  was  plus  or 
minus  0.3  percent  of  the  reading  plus  or  minus  one  count.   Strain  read- 
ings were  recorded  on  printed  paper  tape.   Linear  variable  differential 
transformers  (LVDTs)  were  used  to  measure  deflections  of  the  panels  and 
horizontal  movements  of  the  girder  supports.   LVDTs  were  individually 
connected  to  exciter  demodulators  which  served  as  a  power  supply  and 
balancing  unit.   Lead  wires  from  the  exciter  demodulators  were  run  to 
a  separate  data  acquisition  system.   Each  LVDT  was  bench-calibrated  and 
measurements  to  the  nearest  0.0001-inch  were  obtained.   Figures  32  and 
33  show,  respectively,  a  single-panel  ready  for  testing  and  the  data 
aquisition  system  used  to  record  strains  and  deflections.   Figure  34 
shows  a  three-panel  configuration  ready  for  testing. 

Load  was  applied  to  the  panel  tests  with  a  200-kip  hydraulic  ram 
which  had  a  4- inch  total  stroke,  figure  35.   The  load  was  transferred 
from  the  ram  to  the  panel  through  a  150-kip  capacity  load  cell,  a 
spherical  bearing  block,  and  a  5-  by  20-inch  bearing  block  which  simu- 
lates the  HS20-44  wheel  load  contact  area  used  in  the  panel  design.   Load 
control  was  possible  within  plus  or  minus  50  pounds. 
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Unimpregnated  Single-panel  Static  Test 

This  test  made  use  of  panel  No.  3  and  was  performed  so  a  comparison 
could  be  made  between  unimpregnated  concrete  and  PIC  panels.   The  panel 
had  fifty-six  2-inch  strain  gages  bonded  to  it,  31  on  the  top  surface 
and  25  on  the  bottom  surface.   Figure  36  shows  the  gage  locations  and 
identificatons.   Figure  37  shows  the  LVDT  locations  and  identifications. 
Initially  the  panel  was  loaded  to  8  kips  with  the  load  in  position  4, 
figure  22,  in  increments  of  2  kips  primarily  for  troubleshooting.   The 
next  loading  was  to  26  kips,  in  2- kip  increments  from  0  through  10  kips 
and  1-kip  increments  from  10  through  26  kips.   No  cracking  occurred  in 
this  loading. 

Bending  about  the  longitudinal  bridge  axis  in  the  panel  was  fairly 
uniform  over  the  width  of  the  panel  based  on  the  transverse  strains 
recorded  at  a  20-kip  load,  table  13.   The  midspan  section  of  the  panel 
had  gage  numbers  7  and  9  on  the  top  and  gage  numbers  38,  39,  and  40 
on  the  bottom  surface.  Absolute  values  of  strains  on  the  top  are  less 
than  those  on  the  bottom  surface  at  the  midspan  section  which  is  probably 
due  to  the  load  being  centered  over  this  section.  Absolute  strains  at 
adjacent  sections  to  the  midspan  section  have  top  and  bottom  values  much 
closer  to  being  equal.   The  panel  did  have  some  slight  dishing  action 
which  is  evident  from  the  longitudinal  bottom  strains  shown  in  table  14. 

From  the  planar  frame  analysis  of  the  test  a  moment  and  axial  com- 
pression force  at  the  midspan  section  with  a  load  of  20  kips  was 
determined  to  be  12.56  ft-kips  and  10.37  kips,  respectively.   Taking 
the  average  of  the  top  and  bottom  strains,  assuming  it  as  uniform 
across  the  4-foot  panel  width,  and  assuming  an  E=  3,600,000  lb/in  , 
a  moment  and  axial  compression  force  at  the  midspan  section  at  20-kip 
load  was  calculated  to  be  13.18  ft-kips  and  8.93  kips,  respectively. 
This  shows  fairly  good  correlation  between  analytical  and  test  results 
for  the  midspan  section.   However,  when  this  was  done  for  other  sections 
in  the  loaded  span  the  axial  force  was  found  to  be  either  a  small  com- 
pression or  a  small  tension  force.   Also,  two  free-body  diagrams  were 
taken  for  the  sections  of  panel  adjacent  to  the  midspan  section.   Based 
on  moments  calculated  from  average  strains,  shears  at  the  midspan  sec- 
tion were  determined.   The  shears  at  the  midspan  did  not  equate  to  zero, 
instead  there  was  a  shear  unbalance  of  2.49  kips.   Several  other  free- 
body  diagrams  were  taken  for  other  parts  of  the  panel  test  configura- 
tion and  the  sum  of  forces  did  not  balance.   Hence,  it  was  concluded 
that  it  would  be  quite  difficult  to  take  strain  gage  readings  and 
obtain  moments,  axial  forces,  and  shears  to  check  an  analytical 
analysis. 

A  plot  of  analytical  moments  and  moments  based  on  tensile  strains 
was  made,  figure  38.   The  moments  based  on  tensile  strain  were  com- 
puted assuming  the  average  strain  to  be  uniform  across  the  panel  width, 
an  E  =  3,600,000  lb/ in2,  and  only  the  section  properties  of  the  panel. 
The  comparison  of  moments  in  the  loaded  span  is  believed  to  be  accept- 
able.  However,  the  comparison  over  the  middle  girder  support  is  not 
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as  good.  Moments  based  on  strain  readings  over  the  middle  girder  were 
also  computed  using  the  section  properties  of  the  panel  plus  the  girder 
flange.   This  yielded  moments  over  45  ft-kips  which  exceeds  the  analyti- 
cal moments.  Since  the  first  crack  in  the  test  occurred  at  approximately 
midspan,  it  is  believed  that  the  panel  does  not  act  integral  with  the 
girder  section  as  assumed  in  the  analysis.  Also,  it  does  not  act  com- 
pletely independent  of  the  girder  section  because  a  negative  moment 
tensile  crack  over  the  center  girder  did  develop  during  the  failure 
test. 

A  plot  of  analytical  and  measured  panel  displacements  with  20  kips 
of  load  in  position  4  is  shown  in  figure  39.   One  reason  the  measured 
displacements  are  greater  than  the  analytical  is  because  the  analysis 
assumed  zero  vertical  displacements  at  the  bottom  of  the  girder  sup- 
ports. However,  in  this  test  the  end  support  on  the  unloaded  span  was 
not  tied  down  and  lifted  off  the  floor  as  shown  in  figure  40.  This 
caused  some  cracking  in  the  stem  of  the  center  girder  support, 
figure  41,  because  of  the  larger  amount  of  rotation  at  the  center 
girder  support.  Also,  some  horizontal  movement  of  the  girder  supports 
was  observed. 

The  next  loading  of  the  panel  was  to  failure.  A  preload  of  20  kips 
was  applied  but  a  power  surge  caused  a  load  surge.  When  the  load  was 
taken  off  and  then  applied  again  the  strain  and  deflection  values  did 
not  compare  with  those  previously  obtained.   The  panel  was  closely 
examined  and  found  to  have  a  transverse  crack  on  the  panel  center line 
and  a  longitudinal  crack  near  the  midspan,  both  of  which  were  on  the 
bottom  of  the  panel. 

Ultimate  load  for  the  unimpregnated  single  panel  was  78  kips.  The 
failure  of  the  panel  was  quite  abrupt  and  produced  extensive  damage  as 
shown  in  figure  42.   The  abrupt  failure  of  the  panel  was  believed  to 
have  been  triggered  by  the  failure  of  one  of  the  studs  embedded  in  the 
panel  to  hold  the  connection  plate  to  which  the  J-hooks  were  welded 
for  the  end  panel  connection.   Figure  43  shows  how  the  corner  of  the 
panel  lifted  up  from  the  end  girder  support  leaving  the  steel  plate  on 
the  girder  support. 

PIC  Single-panel  Static  Tests 

Static  loading  tests  were  performed  on  panels  No.  8  and  2.   Panel 
No.  2  was  also  used  for  the  PIC  single-panel  fatigue  test  which  is 
described  later.  The  strain  gage  locations  and  identifications  for 
panels  No.  8  and  2  are  shown  in  figures  36  and  44,  respectively.   The 
LVDT  locations  and  identifications  for  both  panels  are  shown  in 
figure  37.   For  these  tests  the  end  girder  support  in  the  unloaded 
span  was  restrained  against  uplift  by  welding  the  steel  channel  on  the 
bottom  of  the  girder  support  to  the  steel  positioning  angles.   Load 
positions  4,  8,  and  12  as  shown  in  figure  22  were  used  with  loads  to 
20  kips  for  panel  No.  8.   Only  load  position  4  was  used  on  panel  No.  2 
because  during  erection  it  accidently  received  a  static  load  greater 
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than  50  kips  which  produced  a  longitudinal  bottom  surface  tensile  crack 
at  midspan  in  the  loaded  span.   During  the  initial  loadings  on  panel 
No.  8,  to  20  kips  in  4-kip  increments,  no  cracking  occurred. 

Bending  about  the  longitudinal  bridge  axis  in  panel  No.  8  was  fairly- 
uniform  over  the  width  of  the  panel  based  on  transverse  strains  recorded 
at  the  20-kip  load  for  load  positions  4,  8,  and  12,  tables  15,  16,  and 
17.   In  table  15,  transverse  strains  are  given  for  two  runs.   Run  1  was 
obtained  during  the  initial  loading  to  20  kips  and  run  2  was  obtained 
during  the  failure  load  test.   Since  the  two  sets  of  strains  compare 
closely,  it  is  believed  that  neither  the  panel  or  girder  connections 
were  affected  by  the  20-kip  loads  in  positions  8  and  12. 

In  the  areas  of  high  moment,  which  coincide  with  the  load  positions, 
the  absolute  values  of  strains  on  the  top  of  the  panel  are  greater  than 
those  on  the  bottom  surface.   This  is  opposite  to  what  occurred  on  the 
static  test  of  the  unimpregnated  single  panel.  This  is  probably  due  to 
the  higher  modulus  of  elasticity  of  PIC  as  compared  to  unimpregnated 
concrete.  Also,  the  dishing  action  of  the  PIC  panels  was  less  than 
that  of  the  unimpregnated  panel  which  can  be  seen  by  comparing  the 
longitudinal  strains  recorded  at  a  20-kip  load  in  position  4,  shown  in 
table  18,  to  those  of  the  unimpregnated  panel,  shown  in  table  14. 

Plots  of  analytical  moments  and  moments  based  on  measured  tensile 
strains  for  the  load  positions  4,  8,  and  12  are  shown  in  figures  45, 
46,  and  47,  respectively.   The  moments  based  on  measured  tensile  strains 
were  computed  assuming  the  average  strain  to  be  uniform  across  the  panel 
width,  E  =  6,000,000  lb/in^,  and  only  the  section  properties  of  the 
panel.   The  maximum  positive  moments,  both  analytical  and  computed, 
compare  very  closely.  However,  again  the  negative  moments  over  the 
center  girder  support  do  not  compare  as  well. 

Figure  45  also  shows  the  moments  based  on  tensile  strain  readings 
at  a  20-kip  load  for  panel  No.  2.   A  comparison  of  strains  at  common 
lines  between  panels  No.  2  and  8  are  shown  in  table  19.   Since  panel 
No.  2  had  a  tensile  crack  in  the  longitudinal  direction  between  gage  41 
and  the  midspan  section  gages  42,  43,  and  44,  the  computed  moment  dia- 
gram is  not  very  smooth  at  midspan.   The  difference  between  the  two 
moment  diagrams  obtained  using  measured  tensile  strain  is  because  of 
the  tensile  crack  in  panel  No.  2.   It  is  worthwhile  to  note  the  high 
tensile  strains  that  occurred  on  either  side  of  the  tensile  crack, 
indicates  excellent  bond  between  the  prestress  strand  and  the  PIC. 

Strain  gages  were  placed  on  the  bottom  of  panel  No.  2  over  the  end 
and  center  girder  support,  refer  to  figure  44  for  the  locations  of 
gages  36,  53,  and  54.   Based  on  the  moment  diagram  obtained  from  meas- 
ured tensile  strains  shown  for  panel  No.  2  in  figure  45,  the  end  sup- 
port does  act  as  a  hinge  support  for  the  panel.   The  bottom  panel 
gages  over  the  center  girder  support,  which  are  gages  53  and  54  shown 
in  table  19,  have  absolute  strain  values  almost  equal  to  their  corre- 
sponding top  panel  gages.   This  indicates  the  panel  acted  somewhat 
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separate  of  the  girder  support  flange  instead  of  integrally  as  assumed 
in  the  analysis. 

Plots  of  analytical  and  measured  panel  displacements  with  20  kips 
of  load  at  positions  4,  8,  and  12  for  panel  No.  8  are  shown  in 
figures  48,  49,  and  50,  respectively,  and  with  20  kips  of  load  at 
position  4  for  panel  No.  2  is  shown  in  figure  51.   In  all  four  figures 
it  can  be  seen  that  the  measured  displacements  are  greater  than  the 
analytical  displacements  in  the  loaded  span.   The  analytical  model 
assumed  the  panel  to  be  integral  with  the  girder  support,  but  the 
analysis  of  the  strain  readings  indicates  this  condition  did  not  exist. 
A  closer  correlation  between  analytical  and  measured  displacements 
results  if  the  panel  analysis  assumes  hinged  supports  between  the  panel 
and  girder  supports.  A  comparison  of  maximum  measured  displacement 
with  20  kips  of  load  at  position  4  can  be  made  for  the  unimpregnated 
and  PIC  single-panel  No.  8  by  looking  at  figures  39  and  48,  respectively. 
The  unimpregnated  panel's  maximum  measured  displacement  at  20  kips  was 
0.031  inch  while  the  PIC  panel  displacement  was  0.023  inch.   The  maximum 
measured  displacement  from  panel  No.  2,  which  was  cracked,  was  0.033  inch 
which  indicates  the  change  in  the  panel  because  of  the  tensile  crack. 

The  failure  test  was  performed  on  panel  No.  8  with  the  load  applied 
in  position  4.   The  ultimate  load  on  the  panel  was  95  kips.   Figure  52 
shows  the  crack  pattern  that  developed  in  the  panel  during  the  failure 
test.   Both  cracks  No.  1  and  2  were  positive  moment  cracks  and  occurred 
at  loads  of  56  and  85  kips,  respectively.   Figure  53  shows  how  the 
cracks  extended  to  about  two-thirds  of  the  panel  thickness  at  ultimate 
failure  load.   Crack  No.  3  occurred  at  93  kips  and  the  final  crack 
No.  4  occurred  at  95  kips.  A  sharp  noise  was  heard  when  each  crack 
occurred,  but  in  no  case  was  there  evidence  of  prestress  strand  fail- 
ure. The  transfer  of  tensile  strain  from  the  PIC  to  the  strand  was 
without  rupture  of  the  strand.   Figure  54  shows  the  panel  over  the 
center  girder  support  and  the  intersection  of  cracks  No.  3  and  4.   The 
extent  of  the  damage  to  panel  No.  8  was  the  tensile  cracks  and  a  slight 
rotation  of  the  end  of  the  panel  in  the  load  span  with  respect  to  the 
end  girder  support.   This  was  much  less  than  that  experienced  in  the 
test  of  the  unimpregnated  single  panel. 

PIC  Three-panel  Static  Tests 

Static  loading  tests  were  performed  on  two  three-panel  configura- 
tions.  Panels  No.  4,  5,  and  10  were  used  for  the  first  test.   Panels 
No.  7,  1,  and  11  were  used  for  the  second  test  and  also  for  the  PIC 
three-panel  fatigue  test  which  is  described  later.   Strain  gage  loca- 
tions and  identifications  for  the  two  tests  are  shown  in  figures  55 
and  56.   The  LVDT  locations  and  identifications  for  the  two  tests  are 
shown  in  figure  57.   For  these  tests  the  end  girder  support  in  the 
unloaded  span  was  restrained  against  uplift  by  welding  the  steel 
channel  on  the  bottom  of  the  girder  support  to  the  steel  positioning 
angles.   Load  positions  1,  2,  3,  and  4,  as  shown  in  figure  22,  were 
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used  with  loads  to  20  kips.   During  these  initial  loadings  to  20  kips 
on  the  two  three-panel  configurations  no  cracking  occurred. 

Bending  about  the  longitudinal  bridge  axis  in  the  middle  panel  in 
the  three-panel  tests  was  not  as  uniform  as  in  the  single-panel  tests 
because  the  three  panels  acted  as  a  continuous  plate.  This  can  be  seen 
by  looking  at  the  tranverse  strains  recorded  along  the  midspan  section 
for  load  positions  1,  2,  3,  and  4  from  the  two  tests;  tables  20,  21, 
22,  and  23;  respectively.   In  table  23,  gages  No.  60  and  41  are  the 
transverse  gages  on  the  bottom  of  the  center  panel  for  the  first  and 
second  three-panel  tests,  respectively.   It  appears  that  the  strain 
value  of  58  microinches  per  inch  for  gage  No.  60  in  table  23  is  low 
because  when  the  load  is  moved  to  position  3  the  value  of  strain  was 
higher.   If  the  value  of  strain  from  gages  No.  60  and  41  are  averaged 
then  an  average  strain  of  90  microinches  per  inch  is  obtained.  Con- 
verting this  strain  to  a  moment,  assuming  E  =  6,000,000  lb/in^  and 
uniform  strain  over  1  foot  of  panel  width,  a  moment  of  3.24  ft-kip/ft 
is  obtained,  while  a  comparable  moment  from  the  PIC  single-panel  test 
is  3.86  ft-kip/ft,  and  a  moment  from  the  finite  bending  element  analysis 
is  3.26  ft-kip/ft.   Based  on  this  comparison  it  can  be  concluded  that 
the  three-panel  action  is  working  to  reduce  the  midspan  moment  about 
the  longitudinal  axis.  Hence,  if  the  design  of  the  bridge  deck  is  based 
on  a  single-panel  design,  it  will  definitely  be  a  conservative  design. 
Also,  by  looking  at  tables  20  through  23  it  can  be  seen  how  the  maximum 
transverse  strain  along  the  midspan  section  changes  as  the  load  moves 
from  position  1  to  4. 

A  maximum  tensile  strain  observed  was  121  microinches  per  inch  from 
the  second  three-panel  test  with  20  kips  in  load  position  4.  Converting 
this  strain  to  a  moment  yields  a  moment  of  4.36  ft-kip/ft  and  the  panels 
were  designed  for  a  service  load  condition  moment  of  5.36  ft-kip/ft  from 
the  elastic  analysis. 

Figures  58  through  61  show  plots  of  top  and  bottom  transverse 
stresses  along  the  centerline  of  the  center  panel  for  load  in  posi- 
tions 1  and  4  measured  on  the  first  and  second  three-panel  tests  and 
the  theoretical  stress  as  determined  from  the  finite  bending  element 
analysis.   The  theoretical  stresses  are  not  plotted  as  a  smooth  curve 
because  the  points  of  stress  were  determined  at  the  center  of  the 
finite  bending  elements.   Close  comparison  between  theoretical  and 
measured  transverse  stresses  can  be  made  at  the  midspan  section.  How- 
ever, the  theoretical  stresses  at  the  center  girder  support  are  much 
higher  than  the  measured  stresses  because  the  finite  bending  element 
analysis  assumed  a  fixed  support  at  the  center  girder  support.  The 
connection  of  the  panel  to  the  center  girder  support  was  closer  to  a 
hinge  support  than  a  fixed  or  integral  connection. 

The  maximum  longitudinal  tensile  stress  was  measured  on  the  bottom 
surface  directly  under  the  load  with  a  load  of  20  kips  in  position  4. 
Figures  62  through  65  show  plots  of  top  and  bottom  longitudinal  stresses 
measured  on  the  first  and  second  three-panel  tests  and  the  theoretical 
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stresses  as  determined  from  the  finite  bending  element  analysis  for  a 
20-kip  load  in  positions  1  and  4.   The  theoretical  stresses  are  not 
plotted  as  a  smooth  curve  because  the  points  of  stress  were  determined 
at  the  center  of  the  finite  bending  elements.   The  longitudinal  stress 
in  the  panel  does  decrease  as  the  load  moves  toward  the  transverse 
joint  between  panels.   The  difference  between  the  stress  plots  of  load 
positions  1  and  4  shows  that  the  transverse  panel  joint  does  not  carry 
as  much  moment  as  would  occur  had  the  three  panels  been  a  continuous 
plate.  However,  in  figure  62  the  measured  top  longitudinal  stresses  on 
either  side  of  the  joint  between  the  center  and  north  panels  indicates 
some  moment  carrying  capacity  because  they  are  greater  than  the 
theoretical  stresses. 

The  measured  displacements  along  the  midspan  section  from  the  first 
and  second  three-panel  tests  with  a  20-kip  load  at  load  positions  1,  2, 
3,  and  4,  figure  22,  are  shown  in  tables  24  and  25,  respectively.   It 
can  be  seen  from  these  tables  how  the  displacement  is  the  largest  at 
points  either  under  or  near  the  point  of  load.  Also  maximum  displace- 
ments from  both  tests  occurred  when  the  load  was  not  on  the  centerline 
of  the  center  panel  or  in  load  position  4.  However,  for  a  comparison 
purpose  the  displacement  due  to  20  kips  in  position  4  in  the  three- 
panel  tests  was  compared  to  20  kips  in  position  4  in  the  PIC  single- 
panel  test.   It  was  found  that  the  three-panel  test  displacement  was 
62  percent  of  the  displacement  of  the  PIC  single-panel  test.   It  can 
be  concluded  that  the  adjacent  panels  in  the  three-panel  test  probably 
carried  38  percent  of  the  20-kip  load  when  the  load  was  in  position  4. 

The  failure  test  for  the  first  three-panel  test  which  used  panels 
No.  4,  5,  and  10,  was  performed  with  the  load  applied  in  position  3. 
Ultimate  load  on  the  panels  was  160  kips.   Figure  66  shows  the  crack 
pattern  that  developed  in  the  panels  during  the  failure  test.   The 
development  of  the  crack  pattern  on  the  bottom  surface  was  difficult 
to  trace  because  constant  observations  could  not  be  performed.   Crack 
No.  1  is  believed  to  have  occurred  at  a  load  of  70  kips  and  crack  No.  2 
in  just  the  center  panel  occurred  at  84  kips.  This  can  be  seen  from 
the  plot  of  load  versus  deflection  of  the  actuator  LVDT  shown  in 
figure  67.   The  top  surface  crack  in  the  center  panel  first  occurred 
at  approximately  100  kips  and  as  loading  continued  it  developed  the 
circular  pattern  around  the  load  block  as  shown  in  figure  66.  Also, 
crack  No.  2  continued  to  develop  across  the  north  panel  as  load  was 
applied  above  100  kips.  Small  shear  cracks  developed  at  the  transverse 
joints  at  the  ends  of  the  panels  in  the  loaded  span  between  the  south 
and  center  panels,  and  center  and  north  panels  as  shown  in  figures  68 
and  69,  respectively.  These  cracks  were  observed  at  a  load  of  approxi- 
mately 140  kips.  After  the  160  kips  was  removed,  load  was  reapplied 
but  only  120  kips  could  be  sustained  by  the  three-panel  system  the 
second  time.   It  is  worthwhile  to  note  how  well  the  crack  pattern 
shown  in  figure  66  conforms  to  the  yield-line  theory  for  slabs. 12/ 
Also,  the  load  carry  capabilities  of  the  adjacent  panels  are  very 
evident. 
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During  the  static  preloading  to  42  kips  in  position  4  of  the  second 
three-panel  test  prior  to  running  the  fatigue  test,  a  bottom  surface 
transverse  crack  developed  in  the  center  panel.  This  crack  ran  parallel 
to  the  20-inch  dimension  of  the  load  block  and  was  almost  on  the  center- 
line  of  the  panel.  Figure  70  shows  a  plot  of  the  transverse  and  longi- 
tudinal stresses  computed  using  data  obtained  from  strain  gages  41  and 
44,  and  assuming  E  =  6,000,000  lb/ in2,  refer  to  figure  56  for  gage 
locations  and  identifications.   Both  gages  were  directly  under  the 
center  of  the  load  block.   The  crack  broke  the  longitudinal  gage  44  and 
affected  the  transverse  strain.  The  stress  at  cracking  in  the  longitudi- 
nal direction  was  approximately  1,000  lb/ in2.  From  the  panel  design  for 
moment  about  the  transverse  axis  with  load  in  position  4  and  a  load 
factor  design,  a  stress  of  1,028  lb/ in2  was  determined.  Hence,  it  can 
be  concluded  that  the  ultimate  tensile  stress  of  1,300  lb/ in2  that  was 
used  in  design  might  be  a  little  high  in  this  instance.  However,  at 
other  locations  where  gages  remained  during  static  testing,  stress  read- 
ings as  high  as  2,100  lb/ in2  were  obtained  from  the  two  three-panel 
tests.  Also,  the  crack  might  have  originated  at  a  point  outside  of  the 
gage  and  the  stress  value  would  have  been  higher  than  that  recorded  at 
the  gage.  The  maximum  that  the  transverse  gage  41  recorded  was  com- 
puted as  1,332  lb/ in2  before  it  was  affected  by  the  crack. 

Another  important  fact  about  loading  to  the  load  factor  design 
wheel  load  is  that  the  size  of  load  block  should  be  increased.   Theo- 
retically the  size  of  the  block  should  be  increased  as  the  load  is 
increased  over  the  service  load  value  of  20.8  kips.  However,  from 
the  standpoint  of  testing,  this  would  be  very  difficult  to  accomplish. 
Hence,  when  any  load  over  the  20.8-kip  service  load  was  applied,  the 
test  configurations  were  under  a  more  severe  test  than  would  occur  in 
an  actual  bridge. 

PIC  Single-panel  Fatigue  Test 

The  fatigue  test  of  a  single-panel  was  performed  on  panel  No.  2. 
However,  prior  to  performing  this  test  the  panel  had  received  an  acci- 
dental overload  due  to  equipment  malfunction  and  a  longitudinal  positive 
moment  tensile  crack  was  present  in  the  panel.  The  crack  was  2  inches 
from  the  midspan  section  and  ran  nearly  parallel  to  the  section. 

Even  with  the  positive  moment  crack,  it  was  believed  beneficial  to 
perform  a  fatigue  test  on  the  panel  because  this  might  actually  occur 
in  a  panel  due  to  overload.  Therefore,  the  test  of  the  panel  for  load 
cycled  between  5  and  42  kips  in  load  position  4,  figure  22,  at  a  rate 
of  3  Hz  was  more  a  proof  load  test.  A  42- kip  load  is  the  load  factor 
design  wheel  load  using  the  2.0  load  factor  as  determined  in  the  panel 
design. 

During  the  first  140,000  cycles  of  load  no  significant  changes  in 
either  strains  or  deflections  occurred.   From  140,000  to  250,000  cycles, 
deflections  steadily  increased.  At  250,000  cycles  the  panel  began 
emitting  intermittent  noises  that  indicated  either  new  cracks  were 
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developing  in  the  panel  or  that  the  prestress  strands  were  starting  to 
break.  The  latter  was  true  because  no  new  cracks  in  the  panel  were 
evident  from  inspection.  At  about  270,000  cycles  the  noise  stopped  but 
the  deflections  continued  to  increase  in  a  steady  manner.  After 
280,000  cycles  the  noise  of  cracking  started  again,  and  at  300,000 
cycles  the  panel  would  no  longer  hold  the  42-kip  maximum  load.  Hence, 
failure  was  determined  at  300,000  cycles. 

After  the  test  was  dismantled  the  bottom  of  the  panel  was  investi- 
gated at  the  initial  positive  moment  tensile  crack  which  was  the  only 
crack  in  the  panel.   The  concrete  was  chipped  away  from  the  bottom 
prestress  strands  and  all  bottom  strands  were  failed  at  the  point  of 
crack  as  shown  in  figure  71.   There  was  no  evidence  of  any  bond  failure 
between  the  strand  and  the  panel  adjacent  to  the  crack  and  all  strands 
failed  right  at  the  crack.   Even  with  all  of  the  bottom  strands  failed, 
the  panel  was  carrying  load  and  the  high  compressive  strength  of  the 
PIC  precluded  any  compressive  failure  in  the  panel. 

PIC  Three-panel  Fatigue  Test 

The  fatigue  test  of  a  three-panel  configuration  was  performed  using 
panels  No.  7,  1,  and  11.   Prior  to  performing  the  fatigue  test,  static 
testing  was  performed  on  the  three  panels  with  loads  to  20  kips  in 
positions  1,  2,  3,  and  4,  figure  22.   Based  on  these  loadings,  load 
position  4  was  selected  as  the  point  of  load  application  for  the 
fatigue  loading. 

Initially  the  fatigue  test  program  was  to  be  performed  by  applying 
42  kips  of  load,  the  load  factor  design  wheel  load  using  the  2.0  load 
factor  as  determined  in  the  panel  design,  for  one  million  cycles.   This 
was  to  be  followed  by  increasing  the  load  to  62  kips,  a  3.0  load  factor 
and  cycling  for  1  million  cycles  or  until  failure,  and  so  on  with  a 
4.0  and  5.0  load  factor  if  necessary. 

The  first  loading  applied  in  position  4  to  the  three  panels  was 
cycled  between  10  and  40  kips  at  a  rate  of  3  Hz.   Prior  to  cycling,  a 
static  load  of  42  kips  was  applied  which  produced  a  transverse  bottom 
tensile  crack  under  the  load  block.   Since  the  crack  was  in  the  trans- 
verse direction,  parallel  to  the  prestressing  strand,  it  was  assumed 
not  to  significantly  effect  the  performance  of  the  panels.   During 
636,000  cycles  of  load  no  change  in  deflections  or  growth  of  the  trans- 
verse crack  from  the  beginning  of  the  test  was  observed.   Hence,  the 
test  was  stopped  short  of  the  intended  1  million  cycles. 

The  second  static  preload  of  64  kips  was  applied  at  load  position  4 
before  cycling  between  20  and  60  kips  at  4  Hz.   Some  growth  of  the  trans- 
verse crack  occurred  during  the  static  preload.   During  1  million  cycles 
of  load  only  very  slight  change  in  deflections  and  growth  of  transverse 
crack  from  the  beginning  of  the  test  were  observed. 
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The  third  static  preload  of  84  kips  was  applied  at  load  position  4 
before  cycling  between  40  and  80  kips  at  4  Hz.   There  was  no  indication 
of  any  other  cracking  during  the  preload.  At  the  beginning  of  the 
cyclic  test,  small  changes  in  deflections  occurred  and  longitudinal 
cracks  developed.  After  150,000  cycles  under  this  loading,  deflections 
remained  constant  and  cracks  did  not  grow.   The  test  was  stopped  after 
336,000  cycles. 

For  the  final  fatigue  test  of  the  panels  it  was  decided  to  cycle 
the  load  between  10  and  100  kips  at  4  Hz.   A  static  preload  of  104  kips 
was  applied  at  load  position  4.   During  the  preload,  cracks  in  the 
longitudinal  direction  were  extended  but  the  panels  held  the  104-kip 
static  load  without  any  increase  in  deflection.   From  the  beginning  of 
the  cyclic  testing  deflections  increased,  and  at  about  50,000  cycles  a 
negative  moment  tensile  crack  occurred  and  the  working  of  the  transverse 
panel  joints  were  observed.   Cycling  continued  until  190,000  cycles  of 
load  had  been  applied. 

In  summary  the  three-panel  test  was  subjected  to  over  2.1  million 
cycles  of  load,  at  or  above  the  load  factor  design  wheel  load  of 
42  kips,  without  failure.   Figure  72  shows  the  load  versus  deflections 
before  and  after  the  various  cyclic  tests.   This  deflection  was  meas- 
ured with  LVDT  No.  3,  refer  to  figure  57.   At  20  kips  after  all  the 
cyclic  testing  the  deflection  at  LVDT  No.  3  was  0.0241  inch,  while 
before  the  cyclic  loading  it  was  0.0145  inch.   Even  though  the  three- 
panel  test  was  more  flexible  after  all  the  cycles  of  load,  it  is 
believed  it  could  have  carried  the  load  factor  design  wheel  load  of 
42  kips  safely  for  many  more  thousand  cycles. 

The  ultimate  load  of  the  three-panels  was  obtained  by  statically 
loading  the  panels  in  position  4  and  found  to  be  152  kips,  which  is  just 
slightly  less  than  was  found  for  the  first  three-panel  test.   Figure  73 
shows  the  final  cracking  pattern  of  the  three  panels.   The  north  and 
south  panels  were  not  affected  when  the  ultimate  load  of  152  kips  was 
on  the  center  panel.   Since  the  north  and  south  panels  were  uncracked 
each  was  loaded  statically  at  the  midspan  section  on  the  centerline  of 
the  panel . 

The  ultimate  load  held  by  the  south  panel  was  100  kips  and  figure  73 
shows  the  final  crack  pattern.   First  crack  occurred  at  a  load  of  70  kips 
and  was  a  longitudinal  crack.  At  85  kips  the  transverse  crack  occurred 
in  the  bottom  of  the  panel.   The  negative  moment  tensile  crack  on  the  top 
of  the  panel  occurred  at  100  kips. 

The  ultimate  load  held  by  the  north  panel  was  100  kips.   Again, 
figure  73  shows  the  final  crack  pattern.   First  cracking  consisted  of 
two  longitudinal  cracks  from  the  load  block  to  the  free  edge  of  the 
panel  and  occurred  at  a  load  of  65  kips.   At  80  kips  the  transverse 
cracks  developed.   The  negative  moment  tensile  crack  on  the  top  of  the 
panel  occurred  at  100  kips.   Again,  it  is  worthwhile  to  note  how  well 

38 


the  crack  pattern  shown  in  figure  73  does  conform  to  the  yield- line 
theory  for  slabs. 

Panel-to-girder  Connection  Shear  Tests 

The  midpanel  panel-to-girder  connection  was  tested  by  applying  a 
load  to  the  edge  of  the  panel  as  shown  in  figure  74.  Three  shear  tests 
were  performed  so  as  to  provide  a  horizontal  shear  mechanism  similar  to 
that  necessary  to  develop  composite  action.   The  portions  of  the  panel 
connected  to  the  center  girder  support  from  the  three  single-panel  tests 
were  used  for  these  tests.   Tests  No.  1,  2,  and  3  were  from  the  unimpreg- 
nated  single-panel,  PIC  single-panel  fatigue,  and  PIC  single-panel  static 
tests,  respectively. 

Prior  to  performing  the  shear  tests,  computations  were  made  to 
ascertain  what  amount  of  horizontal  shear  stress  would  be  required  in 
the  connection.   Based  on  the  load  factor  design  wheel  load  of  41,600 
pounds  as  the  maximum  shear  that  the  girder-panel  section  would  have 
to  carry  and  an  8-foot  effective  width  of  panel  or  deck  acting  with 
the  girder,  a  horizontal  shear  stress  of  24  lb/in^  was  determined  at 
the  bottom  of  the  panel.   The  effective  shear  area  between  the  panel 
and  girder  was  28  by  48  inches  which  yields  a  required  shear  force  on 
the  edge  of  the  panel  of  32  kips. 

Figure  75  shows  the  shear  load  versus  panel  movement  for  the  three 
tests.  The  tests  indicate  that  there  was  essentially  zero  bond  strength 
available  between  the  panel  and  the  grout.  However,  shear  transfer  by 
dowel  action  of  the  J-hooks  was  available  and  provided  load  carrying 
capacity,  similar  to  that  of  concrete  slabs  working  compositely  with 
studded  steel  girders.   Bond  was  available  from  the  grout  to  the  top  of 
the  girder  support  indicating  that  the  projected  web  steel  from  the 
girder  to  the  grout  can  be  designed  as  normal  cast-in-place  decks  on 
concrete  girders.   Consequently,  the  full  loading  system  is  predictable 
and  composite  action  can  be  assured  by  standard  design  procedures. 
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NONDESTRUCTIVE  TEST  EVALUATIONS 

A  variety  of  nondestructive  test  methods  were  studied  for  use  on  PIC 
to  evaluate  their  potential  for  monitoring  quality  control.   These 
included  ultrasonic  pulse  velocity,  ultrasonic  radiography,  gamma  ray  and 
neutron  transmission,  infrared  radiography,  microwave  transmission, 
dielectric  and  electrical  resistivity,  and  impact  hammer.  Absorption, 
permeability,  specific  gravity,  and  length  change  measurements  might 
also  be  included.   Although  there  is  sufficient  theoretical  basis  for 
each  of  the  various  methods,  the  heterogeneous  nature  of  concrete  makes 
the  practical  applications  of  any  one  or  a  combination  of  methods 
extremely  difficult.   These  methods  work  best  with  a  homogeneous  mate- 
rial in  which  a  flaw,  defect,  or  change  in  composition  or  uniformity  can 
be  readily  detected.   The  use  of  a  nondestructive  test  method  requires 
extensive  calibration  and  standardization  for  a  particular  concrete 
unit.   Even  with  careful  concrete  control  practices,  the  variations 
between  batches  of  the  same  mix  present  difficulties.   The  more  practi- 
cal approach  appears  to  be  in  good  process  control  to  insure  uniformity 
of  treatment  and  testing  of  selected  specimens  to  verify  product 
quality. 

Ultrasonic  Pulse  Velocity 

Ultrasonic  pulse  velocity  has  been  extensively  investigated  for  use 
with  conventional  concrete.   Commercial  instruments  are  readily  avail- 
able.  The  velocity  measurements  are  very  sensitive  to  changes  in  den- 
sity, fractures,  moisture  content,  and  to  the  amount  of  polymer  in  PIC. 
Since  the  velocity  is  sensitive  to  each  of  these  parameters  the  inter- 
pretation is  difficult. 

A  series  of  tests  were  made  on  3-  by  6- inch  cylinders  to  observe 
the  effects  of  moisture  content  and  polymer  loading  on  pulse  velocity. 

The  results  are  shown  in  figure  76.   The  data  show  that  pulse 
velocity  increases  with  increased  moisture  and  with  increased  polymer 
loading.   The  changes  in  pulse  velocity  look  fairly  uniform  with  the 
exception  of  the  value  of  14,600  ft/sec  for  concrete  containing 
0.7  percent  moisture. 

Ultrasonic  pulse  velocity  measurements  were  made  on  panels  No.  9 
and  10  before  and  after  drying  and  after  polymerization.   Panel  No.  10 
had  lower  pulse  velocities  at  the  undried,  dried,  and  polymerized  con- 
ditions than  panel  No.  9  or  the  3-  by  6- inch  control  cylinders, 
figure  77.   According  to  the  weight  recorded  for  the  panels,  there 
does  not  appear  to  be  a  significant  difference  in  density.   While  it 
is  possible  that  the  lower  velocities  for  panel  No.  10  in  the  undried 
and  dried  condition  are  perhaps  due  to  a  lower  moisture  content,  panel 
No.  10  in  the  polymerized  condition  had  a  higher  polymer  loading  than 
panel  No.  9.   No  satisfactory  explanation  can  be  made  for  the  lower 
pulse  velocities  in  panel  No.  10.   The  pulse  velocities  for  panel 
No.  9  correspond  closer  with  the  3-  by  6- inch  control  cylinders, 
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especially  in  the  dried  and  polymerized  conditions.   However,  the 
close  correlation  may  be  somewhat  fortuitous  as  panel  No.  9  is  pre- 
stressed  and  was  made  from  a  richer  and  denser  concrete  mix  than  the 
3-  by  6-inch  control  cylinders. 

The  suitability  of  the  ultrasonic  pulse  velocity  method  remains  an 
open  question.  A  more  comprehensive  effort  would  be  required  to  deter- 
mine if  the  variations  between  different  specimens  can  be  accounted  for 
and  if  reliable  measurements  can  be  consistently  achieved. 

Microwave  Transmission 

The  National  Bureau  of  Standards  (NBS) ,  Boulder,  Colorado,  has  an 
electromagnetic  nondestructive  test  method  under  development.   The  appa- 
ratus is  a  microwave  transmitter  and  receiver  with  a  data  display.   In 
the  normal  procedure,  microwaves  are  transmitted  through  a  medium  and 
reflected  back  by  interfaces  or  changes  within  the  medium  in  a  manner 
somewhat  similar  to  the  seismic  reflection  method  used  in  geophysical 
exploration.   The  test  can  also  be  conducted  by  transmission  through 
the  specimen.   The  system  is  sensitive  to  abrupt  changes  in  dielectric 
characteristics,  and  under  appropriate  conditions,  can  be  used  to  detect 
layering,  voids  and  cracks,  areas  of  high  moisture  content,  thickness  of 
surface  and  subsurface  layers,  texture  of  surface  layer,  moisture  con- 
tent, packing  density  of  subsurface  layers,  thickness  of  surface  and 
subsurface  layers,  and  buried  objects. 

The  instrument  operates  over  a  range  of  frequencies  from  0.1  to 
10  GHz  and  sweeps  continuous  wave  band  widths  of  from  4,000  to  8,000  MHz, 
The  penetration  of  the  material  is  dependent  upon  dielectric  properties 
and  decreases  as  the  frequency  increases.   In  the  normal  mode  of  opera- 
tion, the  analysis  of  data  are  based  upon  wave  attenuation. 

Samples  of  PIC  and  water- saturated,  air-dry  (50  percent  relative 
humidity),  and  oven-dried  concrete  were  tested.   Results  are  shown  in 
figure  78.   The  test  is  very  sensitive  to  moisture  and  shows  a  small  but 
detectable  difference  between  oven-dried  and  PIC.   It  should  be  noted 
that  both  the  ultrasonic  pulse  velocity  and  the  microwaves  show  good 
sensitivity  to  the  presence  of  moisture;  but  the  ultrasonic  method  shows 
roughly  the  same  effect  for  the  presence  of  polymer  as  for  the  presence 
of  moisture  and  the  microwave  method  shows  only  a  minor  effect  from  the 
presence  of  polymer. 

The  microwave  technique  is  theoretically  sound,  the  electronic  com- 
ponents of  the  apparatus  are  commercially  available,  and  the  basic 
developmental  work  has  already  been  done  by  NBS.   However,  there  would 
be  significant  costs  in  developing  the  technique- for  concrete  applica- 
tions.  These  expenses  would  be  for  assembling  portable  and  compact 
equipment,  and  for  performing  the  necessary  standardization  and  cali- 
bration work. 
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Neutron  and  Gamma  Ray 

Neutron  and  gamma  ray  measurements  were  made  with  a  commercial 
nuclear  moisture  and  density  determination  apparatus.   Moisture  deter- 
mination is  made  from  gamma  ray  measurements.   The  instrument  was  oper- 
ated in  a  back  reflection  mode  on  a  3-foot  by  3-foot  by  4-inch-thick 
concrete  slab  at  two  locations  on  the  slab.  Measurements  were  made  with 
the  concrete  in  air-dried  and  oven-dried  conditions,  and  after  surface 
impregnation  and  polymerization.   The  polymer  was  located  at  the  top 
surface  of  the  slab,  extending  into  the  slab  to  a  depth  of  approximately 
1  inch.   These  measurements  are  considered  very  rough  and  should  be  con- 
sidered as  only  indicative  of  what  the  test  method  is  capable  of  doing 
rather  than  as  a  precise  experiment.   The  main  problems  encountered  in 
performing  the  experiment  were: 

1.  The  transmitter  and  receiver  were  placed  directly  on  the  con- 
crete surface.   The  concrete  surface  is  relatively  rough  which 
quite  likely  produced  some  loss  of  radiation  from  scattering  and 
a  small  but  undetermined  error  in  readings.  This  loss  could 
possibly  be  minimized  by  supporting  the  transmitter  and  receiver 
a  fixed  distance  from  the  concrete  surface  or  by  changing  the 
mode  of  operation  to  direct  transmission  through  the  specimen. 

2.  Sometime  after  the  experiment,  a  defect  in  an  electronic 
component  of  the  instrument  was  detected.   This  likely  intro- 
duced .error  in  the  measurements . 

Results  are  shown  in  table  26.   The  neutron  moisture  determinations 
and  the  gamma  ray  density  determinations  show  some  relationship  to  the 
actual  condition  of  the  concrete.   The  calculated  values  for  density  and 
moisture  or  polymer  content  are  lower  than  the  actual  values  and  probably 
represent  errors  in  measurement  and  calibration.   The  indicated  moisture 
content  from  neutron  measurements  for  oven-dried  concrete  is  attributed 
to  water  of  hydration  in  the  port land  cement  which  is  not  free  water. 

Other  Nondestructive  Tests 

Ultrasonic  resonant  frequency.  -  This  is  a  standard  procedure  (ASTM 
Designation  C  215-60)  for  evaluation  of  the  freeze-thaw  test  and  is  used 
to  determine  dynamic  modulus  of  elasticity.   Results  are  customarily 
expressed  as  the  square  of  the  resonant  frequency  or  converted  to  dynamic 
modulus  of  elasticity.   Polymer  impregnation  produces  a  30  to  60  percent 
increase  in  resonant  frequency  squared.   This  method  is  considered  more 
applicable  for  durability  tests  than  for  determination  of  product  qual- 
ity or  correlation  with  structural  properties. 

Acoustic  impact.  -  This  is  a  relatively  new  test.   So  far  as  is 
known,  only  one  company  manufacturers  a  specific  device  for  this  type 
of  test.   The  test  was  originally  developed  for  detecting  fractures  in 
rivets  and  fasteners.   The  test  consists  of  mechanically  striking  the 
test  specimen  and  measuring  the  time  for  the  shock  wave  to  dampen  to  a 
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predetermined  value.   This  test  procedure  showed  excellent  correlation 
with  measurements  conducted  according  to  ASTM  Designation  C  215-60.   It 
was  observed  that  the  presence  of  moisture  had  no  effect  on  resonant 
frequency,  and  that  polymer  impregnation  increased  the  square  of  reso- 
nant frequency  by  about  40  percent. 

Neutron  radiography.  -  Neutron  radiography  is  similar  to  neutron 
moisture  methods,  based  upon  the  selective  attenuation  of  thermal  neu- 
trons by  hydrogen,  except  a  picture  is  the  end  product  instead  of  a  dial 
reading.  Neutron  radiographs  of  PIC  are  difficult  to  interpret  due  to 
overlapping  and  extensive  shadows  of  the  aggregate  particles.  The 
method  is  potentially  useful  for  observing  very  large  variations  in 
polymer  loading  within  a  sample;  however,  the  equipment  is  expensive 
and  further  application  of  this  method  is  not  anticipated. 

Infrared  radiography.  -  A  device  is  on  the  market  which  produces  an 
image  derived  from  the  infrared  radiation  emitted  by  an  object.   The 
apparatus  is  fairly  sensitive  and  can  detect  variations  of  about  1°  C 
in  surface  temperature.  A  brief  test  with  this  apparatus  indicated 
that  under  ideal  conditions  polymer- impregnated  zones  in  a  concrete 
specimen  could  be  distinguished  from  unimpregnated  zones;  however, 
unequal  heating  or  cooling  of  the  specimen  can  easily  mask  the  effects 
of  the  polymer. 

Acoustic  emission.  -  A  method  in  which  a  transducer  "hears"  sub- 
audible  noise  emitted  when  a  material  is  stressed.   The  rate  and  ampli- 
tude of  the  stress  waves  may  be  analyzed  to  determine  if  a  structure  is 
nearing  failure.   Grids  of  transducers  are  used  to  locate  flaws.  This 
method  requires  extensive  experience  and  calibration  with  a  particular 
material  before  it  can  be  used  as  an  analytical  tool . 

Electrical  resistivity  and  dielectric  constant.  -  Laboratory  equip- 
ment was  assembled  to  investigate  electrical  resistivity  and  dielectric 
constant  measurements  as  nondestructive  test  methods  for  PIC.   Although 
PIC  generally  has  a  much  lower  dielectric  constant  and  greater  elec- 
trical resistivity  than  unimpregnated  concrete,  the  dielectric  constant 
and  electrical  resistivity  could  not  be  related  with  polymer  loading  in 
test  specimens.  A  test  of  nine  fully  impregnated  concrete  specimens 
with  polymer  loadings  of  6.7  to  8.0  weight  percent  had  dielectric  con- 
stants ranging  from  6.56  to  7.23  and  resistivities  ranging  from  46.9  to 
69.0  million  ohm  meters.  A  set  of  partially  impregnated  concrete  speci- 
mens with  polymer  loadings  of  3.9  to  5.2  weight  percent  had  dielectric 
constants  from  6.87  to  7.18  and  resistivities  of  50.1  to  56.9  million 
ohm  meters  which  are  within  the  range  of  values  observed  for  the  fully 
impregnated  concrete  specimens. 

Impact  hammer.  -  The  impact  hammer  is  a  commercially  available 
device  designed  primarily  for  field  testing  of  concrete.   The  instru- 
ment measures  hardness  by  impacting  a  steel  rod  against  the  test  surface 
and  observing  the  rebound.   The  rebound  number  is  considered  indicative 
of  quality;  the  higher  the  rebound  number,  the  higher  the  quality.  The 
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instrument  has  been  used  to  obtain  information  on  the  extent  of  curing 
in  concrete  and  to  delineate  unsound  from  sound  zones  in  concrete  struc- 
tures. Attempts  have  been  made  to  correlate  rebound  number  with  strength 
but  have  not  been  successful  except  possibly  under  carefully  controlled 
experiments  with  a  known  concrete  mix.   The  impact  hammer  tests  the 
surface  of  the  concrete  to  a  depth  of  about  1  to  2  inches  and  is  not 
sensitive  to  the  condition  of  the  concrete  in  the  interior  of  the 
specimen.   Rebound  readings  are  influenced  by  surface  conditions, 
orientation  of  the  hammer,  effects  of  coarse  aggregate  particles 
immediately  below  the  hammer,  size  of  the  specimen,  and  the  restraint 
placed  on  the  specimen  to  hold  it  in  place,  all  of  which  are  not  related 
to  quality  or  strength  of  the  concrete.   Impact  hammer  tests  generally 
show  PIC  to  give  a  rebound  number  about  20  to  65  percent  greater  than 
unimpregnated  concrete. 

Summation.  -  Although  a  number  of  nondestructive  tests  appear  to 
have  potential  for  quality  control  in  the  manufacture  of  PIC,  consider- 
able development  work  would  be  required.   This  was  beyond  the  financial 
capabilities  of  this  program,  and  none  have  been  pursued  further.  Good 
process  control  and  treatment  of  companion  specimens  for  destructive 
tests  appear  to  be  the  most  practical  techniques  at  this  time. 
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CONCLUSIONS 

The  inherent  structural  and  durability  properties  of  PIC  make  it  an 
excellent  bridge  deck  material.  Many  innovations  for  fabricating  proc- 
essing, and  erecting  PIC  bridge  decks  systems  are  anticipated  when  an 
actual  application  is  undertaken.   It  is  believed  that  adequate  informa- 
tion is  documented  within  this  report  to  benefit  the  implementation  of 
this  system.  Based  on  this  research  program  the  use  of  PIC  can  be  con- 
sidered a  viable  bridge  deck  material.   Conclusions  drawn  from  this 
study  are  as  follows: 

1.  Assumed  design  strength  and  elastic  properties  of  PIC,  using 
methyl  methacrylate  as  the  monomer  system,  were  proven  adequate 
and  can  be  used  with  confidence. 

2.  The  prestressed  PIC  panel  system  can  be  accurately  analyzed 
by  presently  developed  elastic  analysis  procedures  for  flat 
plates. 

3.  Initial  design  concern  that  the  prestressing  strand  might 
rupture  at  development  of  tension  cracks  because  of  the  high 
tensile  strain  energy  transfer  from  the  PIC  to  the  prestressing 
strand  was  dispelled.   Results  of  this  study  show  that  ultimate 
failure  of  PIC  panels  is  not  abrupt  or  destructive  in  nature  and 
warning  of  impending  failure  can  be  recognized  prior  to  collapse. 

4.  Stabilized  prestressing  strand  rather  than  stress  relieved 
prestressing  strand,  should  be  used  for  PIC  panels  to  reduce 
prestress  losses  due  to  strand  relaxation  caused  by  the  elevated 
drying  temperature. 

5.  Even  though  the  panels  are  subjected  to  elevated  temperatures, 
prestress  losses  can  be  accurately  predicted  when  all  factors 

are  considered. 

6.  Transverse  joints  between  panels  provided  effective  shear 
transfer  and  some  moment  capacity. 

7.  Adequate  horizontal  shear  transfer  for  composite  action  of 
panel-to-girders  was  available  through  dowel  action  of  the 
J-hooks. 

8.  The  connection  between  the  panel  and  the  center  girder  support 
is  actually  somewhere  between  a  pinned  joint  and  integral  joint 
condition.   Longitudinal  panel  bending  moment  was  transferred  from 
the  panel  to  the  center  girder  support  but  the  transfer  was  not  as 
great  as  determined  by  the  elastic  analyses  which  assumed  an 
integral  joint. 
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9.  The  PIC  panel  system  has  excellent  capability  to  sustain  the 
load  factor  design  wheel  load  of  42  kips  during  cyclic  loading 
conditions  for  more  than  a  million  cycles  of  loading. 

10.  The  fatigue  testing  of  nonprestressed  unimpregnated  concrete 
and  PIC  beams  was  too  limited  to  be  classified  as  a  complete 
fatigue  study.  However,  available  test  results  indicate  that 
fatigue  failure  will  occur  at  less  than  10  million  cycles  if  the 
flexure  stress  is  greater  than  50  percent  of  ultimate  in  unimpreg- 
nated concrete  and  greater  than  60  percent  in  PIC. 

11.  Quality  control  of  impregnation  by  weight  is  for  the  most 
part  reliable.  However,  complete  assurance  of  impregnation  and 
polymerization  cannot  be  obtained  with  this  method. 

12.  Some  nondestructive  test  methods  are  theoretically  sound 
and  with  further  development  may  provide  means  for  quality  con- 
trol of  impregnation  and  polymerization.  However,  investigations 
of  various  methods  did  not  indicate  any  to  be  as  reliable  as 
weight  measurements. 
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RECOMMENDATIONS 

It  is  strongly  recommended  that  FHWA  implement  the  results  of  this 
research  by  sponsoring  with  state  highway  departments  the  design  and 
construction  of  one  or  more  experimental  bridges  using  prestressed  PIC 
panels  for  the  decks.   The  designs  should  use  panels  of  sufficient  length 
to  span  the  full  width  of  the  bridges,  and  panel  widths  greater  than 
4  feet  should  be  considered  to  reduce  the  number  of  transverse  joints  in 
the  finished  decks. 

The  bridges  for  implementation  of  prestressed  PIC  panels  do  not  have 
to  be  restricted  to  only  straight,  flat  bridges  as  considered  in  this 
study.   The  panel  shape  can  be  varied  from  rectangular  to  skewed  paral- 
lelogram or  trapezoidal  to  form  skew  bridges  or  bridges  on  horizontal 
curves,  respectively.   A  panel  system  need  not  be  limited  to  concrete 
girders.   However,  since  this  study  was  based  on  usage  of  prestressed 
concrete  girders,  such  girders  should  be  used  for  the  initial  field 
evaluation  of  this  concept  of  bridge  decking. 

It  is  also  recommended  that  future  research  and  development  studies 
be  directed  at  making  more  use  of  the  high  compressive  strength  of  PIC, 
which  was  not  done  in  this  study.   This  would  include  the  use  of  post- 
tensioning  as  well  as  pretensioning  for  both  the  deck  panels  and  girders. 
Segmental  girders  of  PIC  also  should  be  considered.   Segmental  girders, 
as  long  as  the  panels,  could  be  treated  in  the  same  impregnation  chamber. 
Pretensioning  might  still  be  necessary  in  panels  with  the  post-tensioning 
system  because  of  handling  stresses  prior  to  treatment  and  erection 
stresses.   These  design  studies  should  be  directed  at  actual  applications 
rather  than  general  studies  so  the  benefits  of  PIC  can  be  evaluated  as 
compared  to  steel  girders  or  concrete  girders  with  a  conventional  con- 
crete deck. 

Bridges  located  where  conventional  concrete  deterioration  is  severe, 
either  because  of  constant  exposure  to  salt  water  conditions  or  because 
of  severe  freeze- thaw  conditions,  could  warrant  the  extra  initial  costs 
that  are  associated  with  this  type  of  construction.   In  the  long  term, 
the  unit  cost  per  year  of  service  should  be  considerably  reduced  because 
of  the  improved  durability  of  PIC. 

Some  other  problems  associated  with  bridges  such  as  pilings,  piers, 
pier  caps,  expansion  joints,  curbs,  railings,  etc.,  might  be  solved  with 
PIC.   Each  problem  should  be  isolated  as  much  as  possible  and  serious 
study  performed  to  solve  it.   These  studies  are  strongly  recommended  to 
make  full  use  of  PIC  in  the  total  structure. 
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Table  1.   Summary  of  structural  and  durability 
properties  of  MMA  impregnated  concrete. 


Property 

Unimpregnated 
concrete 
controls 

MMA  1/  impregnated 
concrete 

R  2/ 

T  2/ 

Compressive  strength,  3/  lb/in2 

5,270 

20,260 

18,160 

Modulus  of  elasticity, 
106  lb/in2 

3.5 

6.3 

6.2 

Tensile  strength,  3/  4/  lb/in2 

420 

1,630 

1,510 

Modulus  of  rupture,  5/  lb/in2 

740 

2,640 

2,290 

Water  absorption,  percent 

6.4 

1.08 

0.34 

Water  permeability,  10~4  ft/yr 

5.3 

0.8 

1.4 

Freeze-thaw  durability 
Number  of  cycles 
Percent  weight  loss 

740 

25 

10,340 
12 

3,650 
2 

Sulfate  attack 
Test  cycle,  days 
Percent  expansion 

480 
0.467 

1,436 
0.032 

1,436 
0.017 

Resistance  to  acid  (15  percent 
HC1) 

Exposure,  days 
Percent  weight  loss 

105 

27 

1,395 
13 

1,395 
10 

Resistance  to  acid  (15  percent 
H2S04) 

Exposure,  days 
Percent  weight  loss 


49 
35 


126 
29 


119 
26 


1/  Methyl  methacrylate. 

2/  R  =  radiation  treatment;  T  =  thermal-catalytic  treatment. 

3/  Compression  and  tension  cylinders  3-  by  6- inch  cylinders. 

4/  Tensile  strengths  determined  by  direct  tension  method. 

5/  Flexural  strength  obtained  from  3-  by  3-  by  16- inch  bars. 
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Table  2.   Summary  of  strength  and  elastic  modulus 
of  unimpregnated  6-  by  12- inch  cylinders. 


Average 

Average 

Age  at 

Day  of 

No.  of 

Type  of 

ultimate 

elastic 

testing 

casting 

specimens 

cure 

strength 

modulus 

(days) 

(lb/in2) 

(106  lb/in2) 

1 

1 

5 

Air 

5,730 

3.23 

3 

1 

5 

Air 

6,210 

3.32 

3 

2 

5 

Air 

5,430 

3.16 

5 

2 

5 

Air 

5,490 

3.28 

7 

1 

5 

Air 

6,460 

3.35 

7 

1 

5 

Fog 

6,500 

3.70 

7 

2 

5 

Air 

5,940 

3.35 

7 

2 

5 

Fog 

6,020 

3.40 

7 

1 

6* 

Air 

6,280 

3.30 

7 

2 

6* 

Air 

5,900 

3.33 

14 

1 

5 

Air 

7,240 

3.76 

14 

1 

4 

Fog 

6,760 

3.79 

14 

2 

5 

Air 

6,570 

3.58 

14 

2 

4 

Fog 

6,100 

3.58 

28 

1 

5 

Air 

7,800 

3.98 

28 

1 

4 

Fog 

7,040 

3.86 

28 

2 

5 

Air 

7,120 

3.58 

28 

2 

4 

Fog 

6,490 

3.50 

31 

1 

5 

Oven 
dried 

8,490 

+ 

84 

2 

5 

Oven 
dried 

7,440 

+ 

*  Three  specimens  taken  at  beginning  of  casting  and  three  at  the  end  of 

casting. 

+  Elastic  modulus  not  determined. 
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Table  3.   Summary  of  the  polymer  loadings  of  panels  and 
companion  6-  by  12-inch  cylinders  impregnated  with 
the  panels  and  average  strength  and  elastic  modulus 
of  the  cylinders. 


Panel 
number 

Panel 

length 

(feet) 

Panel 
polymer 
loading, 
weight  % 

Cylinder, 
average 
polymer 
loading, 
weight  % 

Average 
ultimate 
strength 
(lb/in2) 

Average 
elastic 
modulus 
(106  lb/in2) 

1 

16 

6.50 

5.80 

18,730 

6.1 

2 

16 

6.96 

5.73 

18,170 

6.1 

4 

16 

5.10 

5.34 

17,430 

6.5 

5 

16 

5.42 

5.34 

19,430 

6.3 

7 

16 

5.87 

5.47 

18,970 

6.1 

8 

16 

5.50 

5.15 

17,210 

6.0 

9 

16 

4.65 

5.80 

18,720 

6.1 

10 

16 

4.84 

5.42 

18,580 

6.1 

11 

16 

4.46 

5.96 

17,980 

6.0 

12 

6 

4.60 

5.87 

18,030 

6.0 

Panels  No.  3  (16  feet)  and  6  (6  feet)  were  not  impregnated. 
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Table  4.   Summary  of  flexural  tests  on 

unimpregnated  4-  by  4-  by  30-inch  bars 


Age  at 

Day  of 

No 

.  of 

Type  of 

Average 
flexural 

Average 
modulus  oJ 

testing 
(days) 

casting 

specimens 

cure 

modulus 
(106  lb/in2) 

rupture 
(lb/in2) 

7 

1 

5 

Air 

3.6 

578 

7 

2 

5 

Air 

3.7 

599 

28 

1 

5 

Air 

4.0 

628 

28 

2 

5 

Air 

3.8 

609 

Table  5.   Summary  of  flexural  tests  on 
impregnated  4-  by  4-  by  30- inch  bars 


Average       Average 

Polymer       Day  of       No.  of  flexural  modulus  of 

loading      casting      specimens        modulus       rupture 
(wt.  %)  (106  lb/in2)     (lb/in2) 


4.92  1  5  6.63  2,235 

5.15  1  5  6.52  2,144 

5.19  2  5  6.20  2,017 

5.18  2  5  6.36  1,982 


Day  of 

No.  of 

casting 

specimens 

1 

5 

1 

5 

2 

5 

2 

5 
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Table  6.   Low  temperature  compressive  tests  of 

plain  concrete  and  PIC  6-  by  12-inch  cylinders 


Temperature 


Average 
modulus  of  elasticity 
(106  lb/in2) 


Plain 


PIC 


Average 
ultimate  strength 
(lb/in2) 


Plain 


PIC 


73 
■10 
-40 


3.49  5.74 
4.03  6.29 
4.23        6.49 


5,165  18,355 
6,670  16,890 
7,710     15,485 


Table  7.   Low  temperature  flexural  tests 

of  plain  concrete  and  PIC  4-  by  4-  by  30- inch 
bars. 


Temperature 

Modulus  i 
(106 

of  elastici 
lb/ in2) 

-ty 

Modulus 
(lb/ 

of  rupture 
in2) 

°F 

Plain 

PIC 

Plain 

PIC 

73 

4.26 

"  6.06 

850 

2,020 

-10 

3.98 

6.44 

820 

2,180 

-40 

4.08 

6.18 

1,075 

1,965 
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Table  8.   Low  temperature  tensile  tests 

of  plain  concrete  and  PIC  3-  by  6-inch 
cylinders. 


Temperature 

Ultimate 

tensile 
(lb/in2) 

i  strength 

°F 

Plain 

PIC 

73 

405 

1,405 

-10 

475 

1,370 

-40 

485 

1,330 

Table  9.  Simple  span  flexural  tests  of  small  panels. 


Design  First  crack 

Panel   Polymer  ultimate     Moment    Comp.    Tension  Ultimate 

length  loading   moment  (in. -kip)   stress   stress  moment 

(ft)    (%  wt.)   (in. -kip)  (lb/ in2)   (lb/in2)  (in. -kip) 


6.0 

4.6 

703 

690.0 

2,930 

1,860 

817.5 

5.0 

4.8 

703 

504.0 

2,280 

1,220 

810.0 

5.0 

5.2 

703 

540.0 

2,410 

1,340 

780.0 

1/6.0 

0.0 

635 

270.0 

1,470 

400 

678.0 

1/  This  panel  was  dried  in  case  it  would  have  been  necessary  to  run 
another  trial  impregnation. 
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Table  11.  Measured  values  of  panel  shortening 
at  prestress  strand  release. 


Prestress 

Panel 

Day  of 

Side  of 

Shortening 

loss 

No. 

casting 

panel 

(inches) 

(%) 

1 

East 

0.027 

2.7 

West 

0.029 

2.9 

2 

East 

0.033 

3.3 

West 

0.032 

3.2 

3 

East 

0.033 

3.3 

West 

0.034 

3.4 

4 

East 

0.029 

2.9 

West 

0.031 

3.1 

5 

East 

0.031 

3.1 

West 

0.031 

3.1 

Mean 

7 

8 


0.031 


10 


11 


East 

0.030 

West 

0.024 

East 

0.034 

West 

0.032 

East 

0.028 

West 

0.026 

East 

0.027 

West 

0.029 

East 

0.027 

West 

0.028 

3.1 

3.0 
2.4 

3.4 
3.2 

2.8 
2.6 

2.7 
2.9 

2.7 
2.8 


Mean 


0.029 


2.9 
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Table  12.   Prestress  loss  due  to  temperature 
in  unbounded  prestress  strand. 

Prestress  Loss  -  Percent 


Temperature 

Time  (days) 

o  p 

2 

4 

6 

10 

14 

350 

13.1 

15.8 

17.7 

20.8 

22.6 

280 

11.4 

14.0 

15.7 

18.4 

20.5 

212 

4.3 

4.9 

5.4 

6.0 

6.5 

73 

1.3 

1.5 

1.6 

1.8 

1.9 
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Table  13.  Measured  transverse  strains 

in  unimpregnated  single-panel  with  20-kip 
load  in  position  4. 


Top 

of  panel 

Bottom 

of  panel 

Gage 

Strain* 

Gage 

Strain 

No. 

(ic 

r6  in/in) 

No. 

(10"6  in/in) 

1 

-  7 

32 

8 

2 

-   1 

33 

-  7 

3 

-  19 

34 

17 

4 

-107 

35 

108 

5 

-110 

36 

105 

6 

-109 

37 

112 

7^| 

-145 

38-| 

166 

8 

■Mid: 

;pan 

- 

39  > 

• Midspar 

160 

9J 

-144 

40J 

158 

13 

-  92 

44 

90 

14 

-  88 

45 

94 

15 

-  82 

46 

82 

16' 

28 

47 

-25 

17 

34 

48 

-31 

18 

28 

49 

-21 

19 
20 
21 


81 
82 
75 


22 
23 
24 


51 
60 
60 


25 
26 
27 


52 
58 
60 


50 
51 
52 


-34 
•40 
■43 


28 
29 
30 
31 


45 
33 
27 
15 


53 
54 
55 
56 


-32 
-24 
-17 
-10 


*  Minus  strain  is  compression. 

Load  position  is  shown  in  figure  22, 
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Table  14.  Measured  longitudinal  strains 
in  unimpregnated  single-panel  with 
20-kip  load  in  position  4. 


Top 

of  panel 

Bottom 

of  panel 

Gage 
No. 

Strain* 
(10"6  in/in) 

Gage 
No. 

Strain 
(10-6  in/in) 

10 

27 

41 

-23 

11 

- 

42 

67 

12 

31 

43 

-23 

*  Minus  strain  is  compression. 
Load  position  is  shown  in  figure  22 
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Table  15.  Measured  transverse  strains  in  panel 
No.  8  with  20-kip  load  in  position  4. 


Top  of 

panel 

Bottom  of  pj 

anel 

Run  1 

Run  2 

Run  1 

Run  2 

Gage 

strain* 

strain 

Gage 

strain 

strain 

No. 

(10-6  in/in) 

(10-6  in/in) 

No. 

(10 

-6  in/ in) 

(10 

~6  in/in) 

1 

-  9 

-  11 

32 

0 

4 

2 

-  4 

1 

33 

3 

-  2 

3 

-  13 

-  15 

34 

4 

9 

4 

-  85 

-  83 

35 

73 

74 

5 

-  78 

- 

36 

63 

70 

6 

-  86 

-  85 

37 

78 

78 

7^ 

-118 

-114 

38^ 

107 

103 

8 

-Mid- 

- 

- 

39  V 

40  J 

Mid- 

124 

105 

9) 

span 

-115 

-109 

span 

105 

99 

13 

-  70 

-  74 

44 

66 

72 

14 

-  66 

-  70 

45 

58 

62 

15 

-  67 

-  72 

46 

60 

63 

16 

- 

11 

7 

47 

-  21 

-  18 

17 

17 

11 

48 

-  20 

-  19 

18 

15 

8 

49 

-  24 

-  21 

19 

56 

59 

20 

46 

47 

21 

57 

51 

22 

41 

43 

23 

41 

43 

24 

37 

34 

25 

28 

24 

50 

-  28 

-  33 

26 

24 

24 

51 

-  29 

-  32 

27 

26 

24 

52 

-  27 

-  30 

28 

18 

17 

53 

-  21 

-  25 

29 

13 

12 

54 

-  15 

-  18 

30 

6 

7 

55 

-  6 

-  13 

31 

1 

2 

56 

-  3 

-  6 

*  Minus  strain  is  compression. 

Load  position  is  shown  in  figure  22. 

Run  1  was  initial  test  to  20  kips  and  Run  2  was  20-kip  load  during 

failure  test. 
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Table  16.  Measured  transverse  strains  in  panel 
No.  8  with  20-kip  load  in  position  8. 


Top 

of  panel 

Bottom  i 

of   panel 

Gage 

Strain* 

Gage 

Strain 

No. 

(10 

"6  in/in) 

No. 

(10~6  in/in) 

1 

-50 

32 

42 

2 

- 

33 

49 

3 

-52 

34 

45 

4 

-98 

35 

87 

5 

- 

36 

86 

6 

-96 

37 

91 

7, 

-75 

38 -> 

68 

8] 

-Midspan 

- 

39 

-Midspan 

61 

9J 

-73 

40  J 

75 

13 

-27 

44 

30 

14 

-22 

45 

25 

15 

-25 

46 

29 

16 

20 

47 

21 

17 

23 

48 

17 

18 

25 

49 

24 

19 

46 

20 

40 

21 

48 

22 

28 

23 

27 

24 

24 

25 

13 

50 

17 

26 

12 

51 

17 

27 

11 

52 

15 

28 

9 

53 

13 

29 

6 

54 

11 

30 

3 

55 

7 

31 

-  1 

56 

3 

*  Minus  strain  is  compression. 

Load  position  is  shown  in  figure  22, 
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Table  17.  Measured  transverse  strains  in 

panel  No.  8  with  20-kip  load  in  position  12. 


Top 

of  p. 

anel 

Bottom  of 

panel 

Gage 

i 

Strain* 

Gage 

Strain 

No. 

(10 

"6  in/in) 

No. 

( 

LO"6  in/in) 

1 

-60 

32 

52 

2 

- 

33 

87 

3 

-64 

34 

56 

4 

-74 

35 

65 

5 

- 

36 

58 

6 

-74 

37 

67 

7-1 

-44 

38^ 

40 

8! 

►Midspan 

- 

39  \ 

-Midspan 

30 

9J 

-45 

40^ 

35 

13 

-  8 

44 

7 

14 

-  5 

45 

2 

15 

-  9 

46 

4 

16 

23 

47 

-28 

17 

19 

48 

-23 

18 

26 

49 

-33 

19 

39 

20 

32 

21 

39 

22 

21 

23 

21 

24 

15 

25 

9 

50 

-  8 

26 

8 

51 

-  7 

27 

6 

52 

-  6 

28 

6 

53 

-  6 

29 

4 

54 

-  6 

30 

4 

55 

-  4 

31 

3 

56 

-  1 

*  Minus  strain  is  compression. 

Load  position  is  shown  in  figure  22, 
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Table  18-  Measured  longitudinal  strains  in  panel 
No.  8  with  20- kip  load  in  position  4. 


Gage 
No. 


Top  of  panel 


Run  1         Run  2 

strain*       strain 

(10-6  in/in)    (10-6  in/in) 


Gage 
No. 


Bottom  of  panel 


Run  1        Run  2 
strain       strain 
(10-6  in/in)   (10~6  in/in) 


10 
11 
12 


21 


23 


22 


20 


41 
42 
43 


■22 

48 

■19 


■25 
38 
•21 


*  Minus  strain  is  compression. 

Load  position  is  shown  in  figure  22. 

Run  1  was  initial  test  to  20  kips  and  run  2  was  20-kip  load  during 

failure  test. 
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Table  19.   Comparison  of  average  measured 

transverse  strains  in  panels  No.  2  and  8 
with  20-kip  load  in  position  4. 


Gage 
Nos.  in 
panel  2 


Top  of  panel 


Average 
strain* 

from 
panel  2 


Average 
strain 

from 
panel  8 


(10~6  in/in)  (10~6  in/in) 


Gage 
Nos.  in 
panel  2 


Bottom  of  panel 


Average 
strain 

from 
panel  2 


Average 
strain 

from 
panel  8 


(10~6  in/in)  (10~6  in/in) 


1 

6 

2,3,4 

2 

5 

-  12 

6,7,8 

-  31 

9 

-103 

10 

-122 

11,12,13- 

-160 

(Midspan) 

17 

-136 

18 

-  83 

19,20,21 

6 

22 

30 

23,24,25 

45 

26 

55 

27,28,29 

54 

30 

55 

31,32,33 

49 

34 

24 

35 

1 

8 
•  83 

114 


70 
12 

53 

40 

25 

12 

2 


36 

37,38,39 

40 

41 

42,43,44 
(Midspan) 

48 

49 

50,51,52 

53 


54 

55,56,57 

58 

59 


34 

89 

141 

121 

125 

70 
11 

48 


59 

52 

26 

3 


2 
73 

107 


64 
20 


30 
16 

4 


*  Minus  strain  is  compression. 

Load  position  is  shown  in  figure  22. 
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Table  20.  Measured  transverse  strains  along 

midspan  section  from  three-panel  tests  with  20-kip 
load  in  position  1. 


Top  of 

panel 

Bottom 

of  panel 

First 

test 

Second 

test 

First 

test 

Second 

test 

Gage 
No. 

Strain* 

(10-6 
in/ in) 

Gage 
No. 

Strain 

(10"6 

in/ in) 

Gage 

No, 

Strain 

(10-6 

in/ in) 

Gage 

No. 

Strain 

(10-6 

in/ in) 

9 

-  5 

56 

10 

10 

-13 

57 

12 

11 

-21 

54 

-18 

58 

15 

55 

17 

12 

-26 

11 

-31 

59 

23 

40 

27 

13 

-55 

12 

-43 

60 

46 

41 

55 

14 

-83 

13 

-94 

61 

72 

42 

94 

15 

-77 

56 

-96 

62 

71 

57 

96 

16 

-54 

58 

-57 

63 

50 

59 

57 

17 

-37 

64 

36 

*  Minus  strain  is  compression. 

Load  position  is  shown  in  figure  22. 
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Table  21.  Measured  transverse  strains  along 

midspan  section  from  three-panel  tests  with  20-kip 
load  in  position  2. 


Top  of 

panel 

Bottom 

of  panel 

First 

test 

Second 

test 

First 

test 

Second 

test 

Gage 
No. 

Strain* 

(10-6 
in/ in) 

Gage 

No. 

Strain 

(10-6 

in/ in) 

Gage 
No. 

Strain 

(10-6 

in/ in) 

Gage 

No. 

Strain 

(10-6 

in/ in) 

9 

-12 

56 

-8 

10 

-11 

57 

12 

11 

-22 

54 

-18 

58 

20 

55 

18 

12 

-28 

11 

-30 

59 

32 

40 

26 

13 

-61 

12 

-44 

60 

51 

41 

53 

14 

-69 

13 

-80 

61 

63 

42 

78 

15 

-73 

56 

-77 

62 

69 

57 

79 

16 

-49 

58 

-48 

63 

44 

59 

49 

17 

-36 

64 

34 

*  Minus  strain  is  compression. 

Load  position  is  shown  in  figure  22. 
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Table  22.  Measured  transverse  strains  along 

raidspan  section  from  impregnated  three-panel  tests 
with  20-kip  load  in  position  3. 


Top  of 

panel 

Bottom 

of  panel 

First 

test 

Second 

test 

First 

test 

Second 

test 

Gage 
No. 

Strain* 

(10-6 
in/ in) 

Gage 

No. 

Strain 

(10-6 

in/ in) 

Gage 

No. 

Strain 

(10-6 

in/ in) 

Gage 

No. 

Strain 

(10-6 

in/in) 

9 

-12 

56 

9 

10 

-14 

57 

13 

11 

-32 

54 

-26 

58 

26 

55 

28 

12 

-36 

11 

-43 

59 

37 

40 

41 

13 

-74 

12 

-58 

60 

63 

41 

62 

14 

-81 

13 

-81 

61 

75 

42 

78 

15 

-60 

56 

-56 

62 

55 

57 

58 

16 

-32 

58 

-35 

63 

31 

59 

37 

17 

-25 

64 

18 

*  Minus  strain  is  compression. 
Load  position  is  shown  in  figure  22 
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Table  23.  Measured  transverse  strains  along 

midspan  section  from  impregnated  three-panel  tests 
with  20-kip  load  in  position  4. 


Top  of 

panel 

Bottom 

of  panel 

First 

test 

Second 

test 

First 

test 

Second 

test 

Gage 
No. 

Strain* 

(10-6 
in/ in) 

Gage 
No. 

Strain 

(10-6 

in/in) 

Gage 
No. 

Strain 
(10-6 

in/ in) 

Gage 
No. 

Strain 
(10-6 

in/ in) 

9 

-16 

56 

17 

10 

-24 

57 

23 

11 

-41 

54 

-39 

58 

37 

55 

36 

12 

-54 

11 

-63 

59 

53 

40 

56 

13 

-66 

12 

-99 

60 

58** 

41 

121 

14 

-58 

13 

-65 

61 

51 

42 

60 

15 

-40 

56 

-43 

62 

35 

57 

40 

16 

-24 

58 

-26 

63 

19 

59 

28 

17 

-14 

64 

13 

*  Minus  strain  is  compression. 

**  Strain  value  believed  to  be  incorrect. 

Load  position  is  shown  in  figure  22. 
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Table  24.   Displacements  along 

midspan  section  with  20-kip  load 
for  first  three-panel  test. 


Di 

splacement 

measured 

with  LVDTs** 

Load 

(inches) 

position* 

1 

2 

3 

4 

5 

1 

0.0047 

0.0059 

0.0093 

0.0153 

0.0157 

2 

0.0051 

0.0063 

0.0098 

0.0152 

0.0147 

3 

0.0071 

0.0087 

0.0122 

0.0159 

0.0120 

4 

0.0098 

0.0115 

0.0142 

0.0121 

0.0086 

*  See  figure  22  for  load  positions. 

**  See  figure  57  for  LVDT  locations  and  identifications. 


Table  25.   Displacements  along 

midspan  section  with  20-kip  load 
for  second  three-panel  test. 


Load 

Di 

splacement 
Ci: 

measured 
nches) 

with  LVDTs** 

position* 

1 

2 

3 

4 

5 

1 

0.0038 

0.0061 

0.0113 

0.0157 

0.0191 

2 

0.0042 

0.0066 

0.0115 

0.0155 

0.0175 

3 

0.0064 

0.0088 

0.0135 

0.0138 

0.0137 

4 

0.0086 

0.0122 

0.0145 

0.0135 

0.0109 

*  See  figure  22  for  load  positions. 

**  See  figure  57  for  LVDT  locations  and  identifications. 
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Figure  3.   Details  of  panel  to  panel  and  panel  to  center 
girder  connections. 
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Figure 


4.   Schematic  layout  for  casting  panels  and  test  specimens, 
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Figure  5.   Panel  casting  bed  just  prior  to  placing  concrete, 


Figure  6.   Prestressing  strand,  conduits  for  post-tensioning  cables, 
and  plate  for  center  girder  to  panel  connection. 
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Figure  7.   Panels  stacked  after  removal  from  casting  bed. 
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SECTION    A-A 


'igure  8.   Details  for  fabrication  of  support  girders 
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Figure  10.   Overall  view  of  the  impregnation/polymerization 
facility. 
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LOAD  CELL 


i 


Figure  11.  Calibrating  the  load  cell  prior  to 
weighing  the  panels. 
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Figure  12.   Placing  a  panel  in  the  drying  oven. 


Figure  13.   Carrier  containing  four  panels  ready 
for  impregnation. 
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Figure  14.   Beam  fatigue  testing  machine, 
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Figure  16.   Change  in  slope  of  a  curve  of  stress  versus  load 
occurring  when  the  tension  stress  equals  the 
compressive  pres tress  in  a  cracked  PIC  panel. 
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Figure  19.   Creep  for  a  typical  unimpregnated  concrete 
6-by  12- inch  cylinder. 
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AGE-DAYS     AFTER    LOADING 
Curves    of   the   average  concrete   creep    from  each  day   of  casting. 
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SOUTH    PANEL 


CENTER    PANEL 


NORTH    PANEL 


Figure   22.      Load   positions   and   identifications    for  both  single-panel 
and   three-panel    tests. 
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Figure  23.   Girder  support  for  the  end  of  a  panel  attached 
to  the  test  floor. 
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Figure  24.  J-hooks  welded  to  the  bottom  of  a  panel  for 

the  center  girder  support  to  panel  connection. 
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Figure  25.   J-hooks  welded  to  the  bottom  of  a  panel  for  an 
end  girder  support  to  panel  connection. 
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Figure  26.   Typical  strain  gage  installation  where  both  transverse 
and  longitudinal  strain  was  desired. 


Figure  27.   Placement  of  a  panel  onto  the  girder  supports. 
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Figure  28.   Frame  on  end  girder  support  used  for  panel  alignment. 
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Figure  29.   Pulling  the  south  panel  to  the  center  panel  by  using 
the  longitudinal  post-tensioning  strands. 


Figure  30.   Joint  between  panel  and  girder  support  at  center 
of  the  panel  prior  to  grouting. 
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Figure  31.   Grouting  of  the  panel  to  the  center  girder  support, 


Figure  32.   Single-panel  test  setup, 
97 


Figure  33.  Data  acquisition  system  used  in  single-panel  testing. 


Figure  34.   Three-panel  test  setup. 
98 


Figure  35.  Hydraulic  ram,  load  cell,  and  5-by  20-inch  bearing 
block  used  to  load  the  panels. 
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Note:  Single  numbers-gage  on  top  surface  only. 

I  X-Y  I   X  is  on  top  surface,  Y  is  on  bottom  surface. 

Figure   36.      Strain  gage   locations  and   identifications   for  un impregnated 
panel  No.    3  and   PIC   panel  No.   8  single-panel  static   tests. 
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Figure   37. 


LVDT's  4,7,  and  10  measure 
movement  on  girder  flange. 
Nos.  II,  12,  and  13  measure 
movement  at  bottom  of 
girder   stem.   All   others 
measure  vertical   movement 
of   the   bottom  panel  surface. 


LVDT  locations  and  identifications  for  un impregnated 
and  PIC  single-panel  tests. 
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Figure  40.   Bottom  of  end  girder  support  in  unloaded  span  lifting  off 
the  test  floor  during  unimpregnated  single-panel  test. 


Figure  41.  Cracks  in  the  stem  of  the  center  girder  support  during 
failure  test  of  the  unimpregnated  single-panel. 
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Figure  42.   Failure  of  unimpregnated  single-panel, 


Figure  43.   Failure  of  stud  between  embedded  plate  and  panel  at  the  end 
of  the  panel  of  the  unimpregnated  single-panel. 
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Note:  Single  numbers-gage  on  top  surface  only. 

X  is  on  top  surface,  Y  is  on  bottom  surface. 


X-Y 


Figure  44. 


Strain  gage  locations  and  identifications  for  PIC 
single-panel  No.  2,  which  was  also  used  for  the 
PIC  single-panel  fatigue  test. 
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Load  block 


Crack  No.  3 


Crack  No.  2 
Crack  No.  I 


Top  surface  cracks 


Bottom  surface  cracks 

Figure  52.  Crack  pattern  in  panel  No.  8  after  ultimate  load  of 
95  kips  in  load  position  4. 
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Figure  53.   Positive  moment  cracks  in  panel  No.  8  during  single-panel 
static  test;  end  of  rule  is  midspan. 


Figure  54.   Intersection  of  cracks  No.  3  and  No.  4  over  center  girder 
support  in  panel  No.  8  at  ultimate  load  of  95  kips. 
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Note    Single  numbers-gage  on  top  surface  only. 

X  is  on  top  surface,  y  is  on  bottom  surface. 


X-Y 


Figure  55.   Strain  gage  locations  and  identifications  for  first 
three-panel  static  test. 


116 


CM 


t 

IO 

— 

CM 

IO 

ro 

o 

ro 


\ 


1-0 


-6    I     1-6 


°-4 


Panel 
No. 7 


Panel 
No  l 


Panel 
No. ll 


Note   Single  numbers-gage  on  top  surface  only. 


x-y  1  x  is  on  top  surface,  Y  is  on  bottom  surface. 


Figure  56.   Strain  gage  locations  and  identifications  for  second 
three-panel  static  test. 
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NOTE-  LVDT's  6and9  measure  movement  on  girder  flange. 
Nos.  11,12  and  13  measure  movement  at  bottom  of 
girder  stem.  All  others  measure  vertical  movement 
of  the  bottom  panel  surfaces. 

Figure   57.      LVDT  locations   and   identifications   for   the 
three-panel    tests. 
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Top   surface   cracks 
Bottom    surface    cracks 


Figure  66.     Crack  pattern  in  first   three-panel   test  after 
ultimate   load  of  160  kips   in   load  position  3. 
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Figure  68.   Shear  crack  between  south  and  center  panels  at  the 
transverse  joint,  south  panel  Is  on  the  right. 


Figure  69.  Shear  crack  between  center  and  north  panels  at  the 
transverse  joint,  center  panel  is  on  the  right. 
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Figure  70. 


Plots  of  transverse  and  longitudinal  stresses  versus 
load  obtained  during  static  preloading  of  second 
three-panel  test,  load  in  position  4. 
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Figure  71.  Failure  of  bottom  prestress  strand  after  fatigue  loading  for 
300,000  cycles  with  load  of  5  to  42  kips  in  load  position  4. 
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Top  surface  cracks 

Bottom  surface  cracks 

Figure  73.  Crack  patterns  resulting  from  static  failure  loading  on 
each  of  the  three  panels  in  the  second  three-panel  test 
following  2.1  million  cycles  of  fatigue  loading. 
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Figure  74.   Shear  test  to  evaluate  the  horizontal  shear  capacity 
between  a  panel  and  center  girder  support. 
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Figure  75.   Panel  movement  versus  shear  load  from  tests  of 
panel  to  girder  connections. 
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Figure  76.   Ultrasonic  pulse  velocity  of  unimpregnated  and 
PIC  3-by  6-inch  cylinders. 
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Figure  77.   Ultrasonic  pulse  velocity  of  prestressed  concrete 
bridge  deck  panels  before  and  after  impregnation. 
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DeTerminc  a/Zi/maj/c  /yior^en/  ampacity  rcgo/rccf  Scrcno/) 

/L/fy    *      /,  So  To  &2>l  CL+  1)1 

cZ?       — 

^  •    Ao    6'SColo^c  pate/s  ou///  £e  rczc/ory 
produ<:<scJ . 

pV/'/Acxj/"     O,  3    czonr/no/'/y  Arc  rar. 

Mo/?   *     /.  JofsS  7  -r  2.Z  (4,035  +  /,  ZZS)J 

-    tstC*So    t4-&fft 

hJi/h    0,&      aonTi'not  TV  tQCTor 

Ho^    =     /-So £55  7+2.1  (3,  US  /-  ?3o)J 

*   /z,cto  /7-/4/7V 

5o/r>s/k2Jry    £>£    Des/$/i 

fi///noo/   O.S  con //no/  /y    fa  a. /or 

£*Lrv/c«s  Moment  j  /■//-    *    Sft>C>7  //-  /&/f/ 
refu/reS    4     4/3 -in  Strand / f4 ,  fSu  *  27oks/t  Concsn/n 
utftwcLt'*  women/,    /Y<*   -    /%  2oo   //-//,/f/ 
U/t/ma.rt£   /wo/neAT  te^o/rc^ 

A/<*?  *  t '5,650    #-/<£/// 

l/y/rh     0.3    ccxi/jno/  /y   fciczTor 

Service   /nomGn/       Ht    *     4}^oS    /*/-  /i/£f 
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C 


#£5  AW  oF  PAMRL   US/s'G    AA5HTQ ,  co/>/, 

U///^cc/g    moment ,     A/u   =    /5  Z50  ^/-/£//7 

Mo^*  11,(0(0   PJ'ik/Pt 

^//•fhoaT     0.8    <cc>nTi nui  +y    racL-for  pan<?/  coo/a    6<? 

•£x>  -cszn/cr  c/'rc/ers  /-Ax.    L.     =     2.4 £J . 

V/S  //?    O .  &    con  fan <J  1  Jy    rac  /or   pc?nG  I  coo/c/  £><z 
con+lnuool   o\/<sr     3   <=>r  snore  jird&rs 
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cMBCk  o?  AASHTo   flgS/gA/  M&TrtoO  fotl  P/jA/£CS 

S/nce    /he   c/es/^o  £>/   »^e   pQrjc/  oS/n<7  AA5//TO 
c^onsid&rs  4 he   pawsfs   /o    ocr  oi  a.  ^/clS  s'^tOQS 

c/ec/W&cf  Jo   d<g.f&rmin<Z.     an  effecT/'ve  cu<c///?  of  //><? 
pane./. 

Tc^k^s    ol  <S//r)p/y   Support  <zci    £><ZQrn     /2"  a>/'c/<s  a/icj 
a/&terrr?/r?<z  m<z.x .  rncmenr  c/oc  Jo    J/t/e  /o^jcJ&ncJ 


mpejar 


HSZQ-4-J-        !+//)£?/  /octet    •  /£>,  ^oo  //>. 
Impact    r    So  %t, 

'Length  a/    /acre/    ~  CO' 

CO    -        /&fo&&    +  Q.3^/^/ooo) 

=      /Zt£oo    '6/f/ 

1  i    ( 


S7y  Jy 

i Q./  7' '■ 


=     27,<5S  ft-k 

Os,nq   no  conr/nu/'/y  facr&f    front  AASUTo 
De& ten.  or     Deoc/  Load 

A-/'     -    4.  OSS    f  0.3(4.  ASiO    *   £.  3/   M-k/tt 

be      *     Mmo*      m     Z7.SE     =    5.14- ft 

«5~/V>ce    pane/  uo'iJih.    or    4-- fee  J  cOa  s  je/ec/e^./  nncJ 
/■/}<£  poss/6/z    c//'scof)//'/)o / /y  ^/  /fie   transverse 
Join/-   //?<£   osz.    ofAASttTo    !  J   j 6Xg ^ /y< v? c * Z /c  - 
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D£S/GA/ OF PAti£L  OS/^G  &LAST/C  As/AL.YS/5 


Portion  of  S/"/'^?*:  <J&CJ-  So  &<z  j>/la/yz<s.o(pe.rrorst)z,ct  '  6y  U$&fi) 


/  yt" 


z-,f 


».   ■* 


J*-*-** 


rx 


0 

0 

Q 
o 


v^ 


— / / 


./< 


s'-a " 


<c/ear-  sckj/1 


/ 


; 


PAu£L 


S'-o 


+i~—Zi4"—*\ 


+ 


-/- 


-/- 


cen-fer-fo  -  e&nter   &r j/r~e/z.rs 


si 


S? 


Jf 


Ay 


>/ 


o 

s.1 

V 


-V 
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DE-St&N  &f  PAfJB.L   lXt*/&  &LAZT/C  AKfAJ-YS/Sj  <^on 


/. 


Ana.ty  //ci/  niocfc/  a>/-  par// an  o£  br/dh<s  a/<sc&  us/n<7 


^   3> 


^ 

^ 
<* 


0 

? 

Si 


■s 

© 


*0 

\9 


I 


> 

i  i 


s+  @®@© 


152 


PES /<£  a/  op  PAA/6 L  os<*/G  £LA  sr/C  AtfALyS/S,  e an/ 

To  perform   analysts    /Ac     OSQiZ.  •*  fnde/er/n/naJTG 
§"ln>c/ura./  Ana  iy  sis  Procyrx?/n    (  sr%5  )  ujq  s  usee/. 

Ekmen/  u>ere  defined  6y    4i~  8//a  Z-  6 Z  ,  8/-C//&2-C.Z, 
cj~  Di/cz  -  DZ,  &/c. 

CA)a/<'rne.nSioa    >S  parcx//<s./   /<*    X-dX/S 
(B)d!m<znsi  on    is  paro-f/e,/  -fo   y-a.*/? 

Peine/  /na^fer/a./  coas  given  ;     fr^ooo^oo  fb/in  *■ 

&Z(P*isu>/>'s  sa/io)  *  o.  2o 
D&J&/TY  :/56  fa/ft* 

Ana/ys/s  maude  usg.  of  3o£srroc.ror/n<y  ^n<d co/n/noo 
nodes   toesc    af  Me    /ran 6 verse.  p&Ae/  Join/s . 

O/i/y  disphcemenrs  in /he    z-cfircc/t'oft  <*./ c*om/nor) 
nodes  cocre    osed  ?4>   re^ro  sen  r    shear  /ransfer. 


Pei ens/icG   fine   \£j   repres&n/s  con/in  oooS  pan*?/  ofer~ 
girder   and  aJ^s   a$So/»<sd   as  fixed 


Reference   /ine    \#J  reprcsen/s   /he.   discon/inoooS  <sahe 
a/-  pane /s    and  ujas   /ixed  for  c/i  sp/acemen  f   //) 
Zrc/irccfi on  ,  6v/  a.i/oa)    /o    ro/ct-/*  0.600/'  x\  and  y 
axes. 

A//  &//)er  node  s    were.  CLi/ocoo.d  ra/*./<s  a. £00/ >  and y 
acxes    and  di spinas    /n     z.  <xx/i. 

To  simu/<3./<z    va.rioos  pos-i /ion  s  oi2  u>n*ee/  /oac/s    //>e 
fioi/ocvincy  <s /emeo/s  uoere   Joo-ded   coi^r)    /SO  i6  Anz 
Uni  form   ioad- 

Load    /  .'  0/S-  €./&/o/t>-  £'(0 

/  on  -  £~  n  /d*3  -  &/& 

load  Z  :         D/4  -  £./4-f!)*5-£<S 
LoAD  2   /        D'3-  £.tB / Di4-  £-/4- 

153 


D/LS/Gfi/of  PAM/E.L  US/*J&  ELAST/C  AA//JJL  YS/6  ,  c<y?/. 
LOAD   4  ;        D<Z  -  £lZ  / 'o/3-  £/J 

3//?ce  <sl6^vc  tzfe/nenTs  ffio-r  arc  /oqc/cc/  have  aun 
qreci  of  t(oO  in2-  /he  -fo/au/  /oac/  =  £0f300  /6f 
for  eacf)    /oac/  <zo/)</*  //<v?. 

Tnj  s  re  pre  S^-n/s  //re  /o  ad  p  fas  /  snpQcL  T  of- 
Jo  percenter 

To/*./  /oac/'    /G,&oO  ¥  o,3(/4>,ooo) 

=    Z&,&oo  /6s. 

MoffxzrtTs    a.' oof    y-ax/'s    a.f  <?c?nf<sr  of  e/cmenri  6<?rhJ<s&/) 
reference   ///7 <ss (fr)  f  \£\    for   i/cir/o<JS   /qguc/s. 

¥•  Piomenf"  /ncfi<z<z.f<2S    fens/on   /n  bofi/o/r)   surface  of 
pane/.        {-/omen/  *n     f/-k/f/ 

LoAO   /. 


t         z 

3 

4. 

i" 

<£> 

7     5 

1            1 

1 

1 

1 

i 

1       1 

Pan&lA 

0 

0* 

0 

*x 

<S 

Q 

0 

Q 

6 

0 

0 

f           JO 

// 

/2 

<3 

tf 

/£         /6 

Paa/£1.  3 

1          / 

1 

1 

\ 

t 

FIffl 

Hi 

c 

& 
* 

N 
* 

si 

5 

0 

3 

0 

< 

«SJ 

w 

*i 

/7          <3 

'? 

lo 

zt 

ZL 

23     2*' 

Pamzl-£ 

HTfl 

1 

1 

1 

l 

1        1 

t^ 

Ix. 

v& 

^^ 

0> 

O 

0 

0- 

s 

5 

0 

£ 

S 

*4 

<M 

^ 

S 

o% 

0 

a/o7"£  /     t-Zornen/s  Q  600/  y -  c?x /  J  £  /7-  /£/// J 
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DE.  S  /<W  or  PA  A/d  U  US/fiJC=>  £  LAS  ~/C   AA/ALys/S,  eon/. 


LOAD 

2. 

i 

/        z 

3 

4 

s 

L 

7          * 

Pa\!£u 

A 

i 

(            • 

0 

v. 

0 

Ox 

*** 

o 

0 

S 

Q 

0 

Q 

Q 

9        to 

// 

iZ 

/3 

it 

/S       /* 

Pa/u£<- 

s 

•         » 

• 

t 

\ 

Hiiiilil      ' 

N 

0 
< 

0 

rx 

\ 

PI- 
*>  W 

*•? 

*>< 

/7       /8 

/? 

2o 

2/ 

21 

Z3      U 

ft/J£L 

a 

\             1 

i 

i 

i 

i 

t         i 

0"- 

N 
<0 

8 

Vj 

8 

N 

M 

«0 

\0 

«\» 

< 

^ 

< 

« 

O 

0 

hJore.:  Hom&nh  tx^ov/  y-^K/'s  C.& -**/&) 
LOAD  5. 
Paa/£l  A 


Pan&l  5 


finm^C 


fcJort*:    h/o/ne/l/s    a  600/  y-az.*  ts    C&-  &-/££ ) 


1 
1 

I 

1 

3 

1 

<L 

1 

S 

1 

I 

7         «f 
1           « 

0 

59 

5! 

N4. 

> 

O 

t> 

Q 

<5 

-o 

^ 

Q 

? 

«C 

// 

/£- 

/j 

U 

/5        /6 

1 

t 

1 

1 

HU 

i              I 

3 

ft- 

^ 

*» 

v> 

0 

fx 

"Vl 

>c 

^ 

*\1 

*  i 

*i 

^i 

«NJ 

/'/ 

>\5 

/? 

Ja 

2/ 

H 

*/             ^ 

1 

1 

1 

1 

■ 

1 

t                     • 

^ 

v. 

v» 

ft- 

G*. 

0^ 

tX 

£ 

6- 

0- 

<0 

~^ 

- 

Q 

O 

^> 

Q 
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D£S/&*/  OP  P4M£L  US /a/3  ZLAS7/C  AfiJALVStS  t  c=anf. 


LOAD  4. 


4 

« 


I 


cvl 


r4 

0 


8 


O 


Pamll  8 


I  o 

I 


// 


/2  /J 

tTTTTTTT 


id- 


O 


3 


*0 

■vj 


I 


^ 


PAU£L  C 


n 
i 


'* 

\ 


i 


Zo 


2t 
\ 


2-2 
I 


o 


& 


O 


/5 


'C* 


r- 

^ 
»» 


2J>        2.4 


ts. 


I 

■0  <$  0  0  0  Q 

Ma.Kimurfl    My  »    i,  4iO      ft- iff i    fro*     LOA  Q    Z     ;n 
e./ewe/jf     O/S  -£  /£ /  D/&>  -E.lt>. 

Mornza't s  <x6ocf/  y-a.x/S    ex./  c<sv?/e/~   of- e./esnenTS 
6efa>een  reference,  /mes  (/?)  i(J&)  for   LOAD    2. 

+  HamenJ"  /ncf/'cdfeS  ^CriS/'orj   //>    bofft^n  $orfcjc<S    of 
pons/         A-Some/)-/-    /n    ff-A/fr. 


i 


a. 
r 


D 
i 


i 


6 
i 


s 

4 
X 


o 


4 


A/sot  Mo/Y)enrs   <xboaf  y-<z~\/S  <a-/  c&nfer  e>f  e  /e/nenr S 
between    reference    //neS  (ff)i-  (/5)  r°r  LOAD  Z. 

//  <=>  F  £.  DC 

jnfflHH__ 


i 


e 
i 


«0 

o 


.4 

o 


Ox 


I 


s 
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0£J/6a/ OF  PA/JZL.  OS/aS&  £LAST/d ANALYSIS,  <=QnV. 

Since    //)c    ne<?<z.Tt'v<z   noosne/jT  <a./  reference  line  \Aj 
e/emenrs   /s  orca./'e.r   £h<?rt  po-sirS\/<s  mesne  n~fs  t'iL 


mijh't   oonirof   c/eS'&O 


Moments  cldoot   y-ax/'s    <x.t  cenrer  <?/  <sr  /e/rjesi/s 
beiueen   rcferc/xz^    fi'ncs  (Aj£  Co)    for  v<?r/ocf£  toads 
for    Paa/ZLS    6    4  C  ^ 

+    Ho/Yj^n'f  //Tcfi'c.4.reS    te/lS/on    /n  6oife/n   Sorrace  of 


LoAD   /. 

c 

Pahzl  & 


/o 


Pa*/£.lC 


'7 


(1 


i 


// 


/2- 


/4 


/<? 


N. 

»*> 

CN 

«* 

<N 

O 

1 

i 

*4 

> 

O 

-^ 

^i 

«SJ 

Is 


5 

o 

I 


21 


21 
i 


0- 

3 


0 


i  •  •  i 


/£ 


/t 


o 

I 

23       U 


» 

O 
i 


LOAD  L, 


I 


It 


/2- 
i 


/J 

t 


a 


/S 

i 


I 


s 

0- 

9 

/7         /<f 
\  i 


/? 


If 


20 
i 


I 


2/ 


S 

i 


2Z 
i 


*7 

R 


I 


23        2d 


\0 
i 


O 


0^ 


0 
0 

0 


V) 

o 

I 


A/o7*£.'   f-Jo/neofo  a-boof    y-a.K,s  C£f'£/tt) 


O 
i 
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D£S'&aS  o?  Ps\tJ£L-  OS/AJC  ELAST/c  Aa/ALVS/S.  conJ> 


LOAD    i 

3. 

7         to 

// 

/I 

/$ 

/V 

/£       /*, 

Pamel-  & 

t           > 

• 

% 

• 

\ 

•          < 

•A 

8 

o 

M 

o 

i 

1 

■ 

■? 

«vj 

V 

7 

n      is 

n 

1 

z* 

u 

22 

1 

23        id 

Pa*/zl  C 

»        i 

i 

1 

1 

i 

>            t 

> 

v9 

0 

s 

t 

•si 
1 

• 

-< 

0 

J 

1 

1 

hJo7£  : 

Mom  en 

/s  «. 

Door 

y-dXJ 5 

CM-k/Pt) 

LoAO  4 

T 

f            /o 

// 

a 

/5 

# 

IS          /C 

Panel  Q 

1                      $ 

i 

i 

• 

• 

•            • 

i 

X 

»4 

0 

i 

| 

¥ 

7 

1 

t-7           it 

19 

2a 

2t 

zz 

23        z.4 

Pa  uei.  C. 

1             1 

i 

i 

i 

1 

i            i 

vs  >  o  ^  *)  **  ": 

.      >:  S  s  o  9  o  0 

MoLKimom  c-)hJy    -  -  4-.QQ5   Ct-k/Pr'   from   LoAO    I   //) 
fi/e/we/}/    Art-Bn/A13-&ia. 

R<s.a.cT/on   moments    <*-T    A  lSt  A  t^> )  AH  4  A/3    LoAD  /. 
A//  c2    4/5     •   -3.'//5    /V-/ 
A/y  <s>     >4/&     -   -./.  /2o    /V-^ 
A/y  <s     /4/7    *    -A/2/    //-£ 
A/y  «      A/6    *  -3.  125   U-k. 
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D£S/6aJ  o? PAN£L  oSj/JC  £/A6T/C  AtJAiyS/S    con*. 


//Ve 

A  fa 

mo/n^r. 

./J 

A- 

tr*?r/'oO& 

/cKXcfsr 

#*//££.  Cft) 

men 

fr 

-*W) 

? 

/o 

// 

a 

/J 

M 

/s 

•6 

LoAD/ 

1 

\ 

1 

1 

0 

& 
S 

25 

0 

3 

4 

»M 

0 

?! 

0 
1 

0 

1 

V 

1 

1 

1 

» 

s9 

? 

1 

/6 

// 

1 

/z. 

/3 

14. 

'? 

1 

loADZ 

SP 

»4 

<£ 

£ 

0 

«0 

? 

\ 

<0 

•0 

0 

0- 

CK 

N 

*o 

«o 

? 

> 

isi 

1 

CM 

1 

"? 

1 

¥ 

«0 

1 

? 

/o 

It 

a 

'5 

/</ 

/5 

/6 

LoA03 

1 

1 

1 

1 

1 

0 

M> 

SJ 

f\ 

(N 

vl 

N 

O 

N 

05 

0 

> 

0 

sP 

0* 

1 

1 

1 

l 

1 

1 

1 

1 

f 

/o 

// 

/2 

't 

/4 

/6 

/<o 

LoAOd 

t 

1 

1 

1 

1 

1 

1 

\ 

M 

vS 

3 

1 

•? 

I 


0 


> 
t 


1 


si 
I 


V* 

s« 

•si 

I 


Zn    Qc.Toa.1    br/a'j-e    Me    co/itt'nooos  <2c/<?e   or   t~hc  pone./ 
ujootof  nor     6e    fixed     6ccaoS<s     Me    ¥/<?n?e  of-  we 


\/// 


qi  refer 
etna  ror*tc 


k?/7<d   QncJ  girder    iOOofd    &/JO   <o//tp/ciQ<s 

6&of  //$    Jong'  too/ /n a  f  exx/s.    n&icc 


pi 
a 
cliLovs    nc&,    /voAie/j/'S     <?rc:    <?sso/weaf   /o    6c  reduced 
by    75*  %>    Jo   accoonf  for   /?o/  cost?  p/ef<s  fix///. 

Dead  Load  mo/ncnf 


f^OL     - 


aojr 
S 


3  ' 


C/xsczk    g6c<?r   -  /no.*,   s/xzqr  <duz.    ra     LL    +  <L    u)q&    o>/ 

A  /(o     from     L\€>A  O  / 
Vmclx     *      l.SCo    k/tf 


XJ     * 


ZSk? 


-    /o 
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s  /*>/;* 


0£5/£>a/  oF  PArJEL  oS/*/G  Z/-ASF/C  Ah/AL  YS/S,  con*. 
Average    rnauLi  morn   /women/   for    edoe    of  pQne./ 
Myc£LD&£)     =    ^  (-6.720 -C23o-4.t£S) 

*  -s.aca  P/-L/f/ 

Average    ma.x.  iryjo/n     mom&n/   ror  m/dd/e.  of  pone,  f 
rfyCHJODL£)  '-  -* "too    &-'£'/(/ 

^Vo-x  t'mom    To-foul   moment     /or  ed^e     /  midd/e   ar 
panel 

Hr  CZD&&)    *  e.iS  (ro.557  -  £.Si8) 

tdr  (H<ODL&)   -  o.l£(-o.$57  -  4.4oo) 
S-£JT£&     U-k/f/ 

A   cAecf  of  fhe.    oS&tf's  e.  /as  f/c.  analysis  mef/>od 
coas    ma-de    6y  com  par  J  no  /V  /o  /Ae   e/os//c  &/)$// S/s 
performed   by    Pres /re ssed  CToneref^  <=>/ 
Co  for  a  do,   Znct    Cpcc). 

PCC  'j     efas/ic    ana/ys/5 

PCC's  qna/ys/s  &f  the.  pone/  coos  per  for /nee/  6y  osln J 
A,  Pucher's   /nf/oence  surfaces  to  compose  fne 
bend/'nQ  /no/nen/s    in  s/a-bs  under  rnoir/na /oads.  7%sse 
inf/oe/ice  surfaces  are.  jhocvn    In    "  £  /  nf/u5$  fe/de/~ 
£/<as//Sc6<sr   P/a.//en  "   Spr/nyer  Her /ay,  Berlin. 

Usin-Q  Char/s  /do.  3&  ^  34-  /ram  A.  Poc/ier,  ooh/'cJ)  are. 
p/cLrsS  co/'//)    6/a,    *  o.C*&7  /iK<s.a/ on(a)a*rnens/on  ana 
rree.  onc6)  dimension  J  momen/$   were  o/?/ained  for- 
o-  tohee./  load  ad  the  cen/er  of  spa/)   on  //>e  free, 
edge   and  a./  Ifie  cen/er  of  //ic  panel,  respectively. 
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D&S/GAJ 'Of £>AK/£/~  VJ/A/&  EL-AZTJC  AMALYS/S ,  ^^ 


PCC '5    g/glsS/c  a/ia/yj/'S  /    Co/?/. 

P/an    v/ecO  of  pan&J  '/)c/;czcif//)C?  ioa.c/  posi /ia/oS 

A  4  8.  J 


I 


I         io7o  //npcLcr 


V 


V 


L/v£.    LoAD  AT  Pos/r/OfiJ  A     Cose  PooAar  c6or/  *3&) 

Posi/irc  moment    mx   *    //.  7</l)   m    7.4£  M-k/fj 

<S  IT 

/.    &cca.os<z  s/<z6  '<3  aon/in  ooos  over  £  Sopnorfaj 
decrease,    a.  6ov<s     wol/oc    6y     Zo  ?0   C  <x//ooOe<j/ 
6y  AAStfTo     Sec  //on  /.  3.  Z  (&)). 

Z.  Dog.  /o  j/7ca^  r/xtnsfier  a./  /ronsves&e 
Join/ ,  ctSSumQ  olc/Joc <=>/?/'  on/ocLOi^c/ 
j/&.6   p/cz^S     up    (oo   %    of    /oo<f. 

Corr<se/<z<o{  M*    u)i/h    impaa/ 

mx    =    o.&oCo.  6>o)(7.4$)  Ct.3o ) 

«   4.CS    fi-kff/ 

/Vo/V£  /  Com pari sos>  fro/n  finj/<s  <sfsmenT<a/ict/y4isCloA0 
Z  -PAfiS£.L  S)    My  -    2.C3o  fi-k/f/ y  ass omc 
/ncreasc    o/    ZSJ<±    &ecacJ3<z    no/  comp/e/<s /y  fixed 
hty  =     S.LBoO.ZS)     *     4.SS1  ff-JL/ff. 
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£>£5/<=W  oP  PAU6.L-  U5/K/G  &.L4ST/C  AAJAL  V$/S f  eas>/. 
PcC's    efaj/tc  o/ja/yf/s  t  con/. 
L/v£    LoAO  AT  £>QS/r/a*J  3  C 6fce  Pocf?or  cforf'  *  34) 

/WZ/Ve  moment  M%   *     3.2.  C/i)   s    £,22  fJ-k/fiJ 

3  7T 

Correcrtons  ■ 

/.     Sec  <a.o^«     j/aO    *'s   danr/nuooS    OWer    3  Soppo.r7-it 

by  AAfTo    Sec// on    /  3.  2  dc)) 

2.     Due   fo   shear  transfer  &./  fr&nsr&r&G. 
jo/n  f-$     a ss wn e  acfja cen/  j /a 6 5  p/c £ 

Up    30  7o      of   Soeic/. 

Co  rre  c  rec/    m  x    coirf)    imp  act 

MK   =    o.3oCo.7o)CS.22)(/.3o) 
r     3.  so   ££-£./ (4 

No7£.  .'  Compart son  from  r/aSre.  ete/ne/lf  ctna/ysfs 
C/LoAO  4    -PAtJCL    6)   My  *  3.  293  fr-k/ft., 

OL2So/W€    Increase,     of    2  5^o     6e.c=czose.    nof 


CO, 


/e/e/y    /C'Xec/. 


My    =     3.  2.93  C-2S)     s    </2Z  //-*/// 

PcC      conc/uof&Qr     -tha^i    moments    <x-t  Support   Sn&o/cir 
6c   of   ff>e    same   or^e/"  of  wa<yn' /oc/e    &S    r/czfcr/n/nad 
c\&0(/<z    £y    Poc/l  ar '  J   c/jO/  /s     6ccaoSe    no  re-ifr/'x/fy 
auf  fhe.   pane/  ec/^s  tufi/ch   aLtiacf)   fo    fhe  <?/s~c/£/-J 
c  an    oe     &SS  vnic  <J. 

Purfhzr  cfiecL   on  correcf/oO*    coe.rc    //;Qt/e     by    PCC 
ctSSo/rt/'nC     <x.     3 (o- inch    oJt'c/z.     c-onYacf    o?r£cz.    &£ 
if\<s.  transverse    joinr  ^&ovf  ffte    m/afspan    oOos 
f/j^a-Pec/  far    s/)€.Qr~   rran sf<=r. 


162 


DES/GfiJ   OF  £>AM£.L.  os/^/G  ZLAS7/C  AfiJAL  VS/S,  Con/ 

PCC  '2   e/qs  //  c  <ina  fys/ 's  ,  Con  /. 

Through    <x.    "frr'a*/  a  no/ error  proc  e  c/ore.   a/  a J S a/n / n <? 
«-   3 near  ,  5o66/ra^/t'no    ffie    z/iCQr   /nfi/oe/icc    Prosy?  " 
/he    toqei ;  one/   a/e/er^/n  SnQ  ne<o    j/q6  /yioMe/)/s 
//  ooaS     ac/er/rj/neol    a.    A'stei/    6<?sic/*'r7Q    noo/rieS)/ 
a./    /he     <sc/<je     /or    /he.      /ooc/   ,'n      P&x*'  //on   A 
frcAn    Pochar    ooould   6e       J.  92    U-k/f/.'T/ifs 
compare  S    /o     a,   vexfoe     o/     4--4/    £/-£///    aS  or/Q/nQuy 
cfe  rer/n inc. cf  6/   o ssosrt inQ    /He    <&o  %    s/e<?r  /ran s Per 
to  Qc/j'a  cen  /  pone  /. 

ft'na*/  c/&£/<yn    rrosn     PCC      /or      L.L.    +  Z   <3SSa/r?/'nQ 
/He     ZoVo    r&cfvc76/Gn  c/oe   /o   5/a£    cz&n  ///>  o/'/y. 

Hul  +  Hz    =    o.aC/.3oX3.?z) 


Mr      *    4.  oS    //-  k/ TV 


Panel mom&nr    fro*n    ci*  f/erenf'*3"'    c/er/ecf/oris, 

S/'/ice    c/;  fit  era/) /"/a-/  c/eP/e^f/o/JS   op  rAe    6r/'a'ae 
cjirc/erS     c<3n     cooje    /rio/nen/   *n    //)€.    c/eck  s/a^O 
PCC   per Por/r/C  c/  on     omot/ys/S   "/&  crs/crm/rie   /Ae, 
s/ao    wo/ry^nf^.  Cfierrorm^c/   by  PCC) 

An^iy^'CQ.1  mod&!  of"  dr/c/qe 

(151 £ CM 


o 


fr) 


nP 


u£l 


HAL 


jjVl 


jULL 

do' 


*>$s 


«\) 


JS3L 


S21 


Jo' 


<o 


(51 


i£l 


JJlL 


111 


So' 


«\i 


T 


v. 


_t 
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D£S/&tJ of  PAfJeL  os /a/c?  aLAsrrc  a^/alys/S,  con/. 


Pane/  mo  men/  /ro/n  cft'/fes-enti^/  c/ef/ccTionS,  con/. 
Cross~3ecrt'c>n   of  or i  das  girder 

^»«h         h &3  "  — 

*°  -i— 


^ 


H 


2/" 


laJrc/er  -  Soo/  ooo  in 

/or /son  <a.  /  co/)  $  TQfir 
Cnc I.  s/g6) 

J2  ii.ooo  in  * 


£  c//'  aphro-g/n  r  . 

v  ci/aphr*Q<3/it    r 


Co/orQOto     CdS4  at 'refer 

Zo<a_ctCV;  O  poS/rio/1  S    on    /r}QO<S  /. 

^heef  food 
poS/'f/'&/)  (z) 


Z cJ,a.pf)rQqjY)    - 

l4,Soo  in4- 


posi-Z/on  (/)\. 
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D£S/<=>A/  op~  PA*J£L  OS/A/&  ELAST/C  AfiSALYS/S,    conf. 

Pone./ momsnr  from  a/ifrefe/)//a-/c/£f/ec./Son6f  c&nt. 
5 lope  -  c/ef  JecTian  cguatio/l  cohere  no  /ooof  /s 

present   an      3pQrt.   '5  / 


A  S 


The   3/a.6  ncorgsf  /o  me/n6er  /3 , 

cohich  /So,  cficLphragm,  uoi '//  fictve 

SQ/we    c/;sp/ctc<2rr)<sfiir$  dinai  rot<xf/on$ 

as  member    /& .  Icslaz)    =   4<^i^3  --  6<f&  in* 

Thos  :      m^t,  (si*  3J  £  I  cs^as)    £■  cd/apa) 

Ha  6  (o/4£W)  £Z  C  D/APtf)    L  tZLAB) 

/Cro/r?    a/)a./y£  i j    of  on a. ly //'co,  /  mode  /     ^ABCO/AP/i)  ~ ^43  in- k 

^?<x6CSlas)      -    443  (C>,  gggj  MS)  C  i  /  ) 

C4poo)  C/^/Soo)Ci4) 

-   J&.o    in-L       or  3.G  f£-l 
Convert     /o      ff-Ji/Pt. 

rrto.&CsJLAe)       *      O.S    /?/-£/ f/ 
or  4o  /nc/ode.    impact  of    3oV& 
tf*U> CSLA&)       -     /.  S(o.S) 

*      /.  o    fl-f/ff 
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D6S/&/J ' 0/= PAfi/£L  OJW&  ZLASTtC  AMALyS/S,  con*. 

Summary  of  Pcrne  /  ^<->rte/]^s  4*600/  LonQf/ud/na/  //x/J 

O)    OS 6£    Ana/ys/s 

S/na<s      /he  /?e&a/'\'<2  mo/nenr  <h   //£<£  pone /  <x./  /he 
a/rder  toaS   foon  <d  /o    6c  /he  wos/  ar/r/co/^  Y/jz 
/wo/ne.n'f  from   -fhe  c/t'fferenria/  def/cc/zon  ofi  //>e 
j/rc/ets   ojoj  oa/c/ec/  /o  /he,   rrio/r^n?  de/er/r?/ne 
frorn    ihe  r/n/Ze.   e/eme. n /  ana /ys rS \ 

*/.oa+4.U?     *  S.C7  /*/'£/& 

^FCHtOOLL)    =    MAj)(SLA6)      +  MrcH'OCLZ.) 

=  /.00  /J.F6S     =4.51  &'L/fj_ 

P&St//i/<s   snomen/   cocfs    /a.^e/7  aj  /he  snosr 
<zri/ica~/     H&txxsver t     PCC  con<2  /isc/ec/  a S  //)€ 
posi/istc    and flcQat' Ve    /fto/r?e/)/j    //}  /he. 
pgne/  tys/e/n    cooo/cf  be    e&o<z*/. 

h/DL  r    ujLl    „    o.oySjl&Jj)3-     9  o.Z3tt'k/ft 
/&  16 

Mr    -    O.Z3  +  4,  OS    +  t.O         =  5.3G  t+-k/H 
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D£S/Oa/  or  PAMZL.  OS/a/G  £LA$T/C  A/JAL  yS/SJ  <=*n/. 

Design    of  Pre  s/reSS   for    Pqag/. 

Tcoo   c/ds/^n  approa  o/)c  j    sr)a.y   be    /ci&e/?  : 

Q)    Use1  a.//oiOa,6/c    Serir/ce  foa  c/ s/rcsS    Qncf    M?  s 
as  S  60  con    in   "fhe.    summary  of  pane/  mo/rxs^/i^r 

(J.)    Use.   a    factor  of  safety  /o   /ncrcaJc  mo-aien/s 
to  an  o/'t/'nici./ts.    cone// //'on    a not  use  o/T/'/nQ/e 
Je  S/9n    stre  £Se  S. 

A  //&  cqct^q/c  _3gt \/i <:<s   /o<?  cf  o/e  si  fr) 

Extreme.  f/6er~  drrcs  S    cqo    6e   />?<s     ro//&<jL>/n9  e/ff?er 

fr  s  O-  2  /  fr      or  fr  -    3  VPc 
Si  nets'  fr  -    /,  3oo  tb/,n  *■   for-    PZC 

fr-     US  lit/in*- 
Since,    f'c    ~  (5taoo    tb/.n2-  for  PTC 

fr  -    X7  /lfaL 

assume   :     Z  /  To   presfrcrSS   /as J 

(3/8  -/nch)   Zloksi  s/rancf 
P/s/rand  *  o,  77 (o>7)  fp«  As 
=    f2.7Z  k 

Dz.T<2.rra  / n  <£    no.  of  s/rjnaz  Ca/)    OS/nQ    //  *  2  7 5  ^f/'n  * 

O.Z7S     =    _   Z2.7Z.CU)     +    5.<o7(/2)(5) 

72.  2/4, 

0.213     -   _  izrijt^)   h   4.SiGz)C2) 

72.  ~2J£> 

A/  «     t.n  cfronefs/ff   *f  wJc/k   CoS6£) 
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06S/O/J  OP  PA/dEL  OS//JG  £LA$T/C  AA/AJ-yS'S,  £*nf. 

Pes/ j/)  ofi  A^rcs/reSJ  /or  Pane  f  t  co/?/, 

O.  2  73      =    _   /2.  7  2<TA/j     +    S.sQ(iz)($) 
72  2/4 

A/  *      3JI  s/rands  /fj     (£>cc) 

ChMrm/ne  no.  of  strands  Ctd)  oi/nc   fr=  3&7  /£>/;nz 

0.3C7     =    _  (Z.iLCfiJ)  +  &•?<?£ 

71 
A/=      3-Z7  grands //(_  a./  edf*    CoS££) 

0.3Q7      *     _  iZ/ltCs/)     +     0.7L2. 

1Z 

A/  =      Z.Z4  grands /ft  <xi  sr>idcJ/e  CoSfig) 

Q.3L7     =     -  IZ.  72  Ck/)     y-  &.3?3 
72- 

**  -      Z'7&  Stands  /£+   CPcc) 
To  compose,   s^njnds  /pane  /  A>r  t>±££  d^s/'y/) 

dcs/<?n      4  A/  ,    /or  6of/j    round  >4>  oeQre^rr 
higher  even    nor/lder  JO  <x  eorioen/r/c  prcSrreSS 
patfcrs>  con   6c  a6>/&./ncd, 
Os/na    fr  '  Z7S    ti/;n* 

A/ '  /pone  J      *      It  2 /rends  Cohft/Z) 

td/ponef     s       U  strands  CPcc) 
Os/n<?     //    «■  5C7   /L/so2- 

rd/pane/      »        tZ   s -fronds  CoS££) 

frJ/par><?/     c        /Z   ^-fronds  CPcc) 
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££j/6/S/ OF  PA*1£.L  OS/AJ&  &/.AST/C  A/OALYS/S,  don/. 
0<sS/<?n  af'  Prcs/rc  S$  for  fhsxe  /  ,  cortf. 
Loa^c/  hoc/or  CXSS/Qn. 

Prom    Section  /.(>.£  aasHTo 

load  X7C7C-  ( Group  Z)    =  <^<y~~2/  §CU  +  Z)1 

from    qntz/ys/S     Dead  Lcxqd  CD)    /s  JY?e  fo//<yco/r?j 
perc<snrQC7<z     af      L.L.    ^  Z '.    ^nd  C>/g£)  mc^ws/lS  do  e  7^0 
d/£f<sren  T*G-/  <j /rater  c/< 'jpSoc&nierif  >' 

(/)      PCC  D    =  o.obCLjL+Z  +ma-6) 

Or)      OS6Z  D~      O.O&ClL-r  I    i  Mcl£>) 

Hence,  L.P.    -     /.3o/0.o7    *   S  C/.o)) 

r~  ^ 

d>    r      /.  o    forr-Qafory  produced pseS //-<?£  S<2& 

done  re.  fc.    /r)<sm  Sers . 
L.  F,  z     2.3        CAASHro) 
frosn     Ac  I   S/&-7/    S<?cr/or>    9.S./ 

Lo<xd  factor  for  fUxorc    =    J  f/.<l  D  -f  i.  7  L  ) 
<fi  s  O.  f      //ex  ore. 

L.P.       -"      1       (  /.  Ko.Ol)    t  /.70.o)j 
L.fi.      -      Z.O       CACZ) 

A  AS /-(To     L.P.  /s    ///yj/'/cc/  maJn/y   /o  g/'rxfe/'j  and 
ofh<gr /r?£/y)  fer$ ,  jo  fi~  ajoo/d   6<z  nro6a.6(y  ^ 
Oonsertfaji V<3  -    H<snc<2   for    /ooid  faa/^r  ci<z&/<?n    of 
deefc.  poneU      I -P.  -  2.0    dosed  on  ACZ. 
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D£S/6A/  OP  PAM&L  oS/a/G  ELAST/C  AUAL  VS/S t  <zor>/ 

L&ad    factor   c/e  $/?/)     con/. 

De/ermine.    no.  of  s/rana/$.    CM)  o6/'n9     //*  c    /j 3 OQ  /£//?* 

72.' 

^  '       d-*4-  sJrctnds  /fl  out  edje.  (os6&) 

/.  3       *     „/2.72(AS)    +     Z.o(&.76l) 

72, 

A/  --      /.  2  7    strands  /ft  a./  middU  (oS£Z) 
L3        =     -tl/Tllhl)     +.    Z,oCo.&?3) 

f   — 

/V  =     2.7$  Stands /ft    CPcc) 


/Ve>.   c>h    ffra/lCfi    per  parte  i  j    round  /o  nearrcrs  t '.higher 
si/en    number  <&o   a    ca^ce/3/r/c  pr<z$/F<z£3  pct/fess) 

h// pine/     -       /Otfra/idz    CoS£/Z) 

/d/pQn&/      =■        tz    s/rcf/jds    CPcc) 

Use      /Z  $  /rands  /pQ/i< .  / 


23 


T 


^s 


Sspx&CrS  @  &i 


I  i, 


NM 


r 

_J_ 

* 
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DLSlGhJ of  PAA/£L  OSAJG  £LAST'C  AtiALV$f$>  ]  ces?£ 

A.  -    o.  C  f'ci     *  o.  £  <f</,  oqo)  =  1 4-co  /&$*/*> 

*     o,  7(^2 70,000) o.o&£t<2) 
£7*3) 

3at«S e. ci  on    c o/njpo /&&(/ ons    &# der   4ASMT&    c/es/^f*  par t /'<V 

awe.  czc/<3c?oa,/<£.    psrc  engage  e>fpre^tre<SS    J"/tte  /. 

De-t^rm /he.  dtli/na-fe.    Women  T 

Q&Sonm  Sop   Iay<sr  oA  gSmncfs  is  6e/ocO   A/.  A. 
4    c  *  '.  ZZ  in. 

s/rj/'n  <*apqGiiY  tn  6oilfo/r)  s/ee  /      «fj  '  2  ?j  ooo  k/fn  2- 

Z  %'ooq 


,T^TrTfc5 


*r'n 


tJ.A. 


c  -k  &        At  *  ^.a5  -Co.osX//) 

6,    .  &  o.3o 


r, 


s.ze>  , 

T,    =     2  70(O.O3S')C{>)      «    /j7/7o£ 

7"z    =[/4.?.4.   +■  o.ooo4(Z?,oooy] '  (o.o&S)  C4>) 

=  c52.  //  /<. 
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D£S/£>aJ  of  PA/4BL.  OS//Q&  £LASr/C  A/44LVS/S  ,  <z*nr\ 

a-    =     2/9.3/  _      o,  35"? 

Hu    *     T,   C  </t  -  &)    +    71  (<Ji  -  3  ) 

»  /37.7o(d.£o-  o./a)    +  &ZJ/(/.So~  o./a) 

=     7o3t  Z   in-  L 

ox    *        ft,  £>     fr-i/ff 

Cosnpa-re  oo/Jh    inlrJo~/    A  ASA/TO    o/ej/'c>/l- 

h/u.  r      /£.  za  PL-L/P4 

Dc rer/7]/n<z  U/n'/r)cz.r<2.  Mo/rsenT  of  On/'mprc^nc^TGCf  /-h/ie./ 

assume  ;    c  -  t.lL  kt  =o.SS-  Co.oS  )  C/.s)  *  0. 77 S 

&€72_   =  <d.oo4LCo.z4)    *  o.ooo3  f'c  *  SjSgo  jdS * 

3.  l4 
71   =  £(49.4  +o.ooo3(29Jooo)]Co.o&S)(£>)  =30.^2* 

C    =   rt7.  7o  i*-<3o.6J   =  2/S.SS  k 

a.    *     2/8  35  ^o.  ?72       c     =  Q.972.  .  /2.£" 

o.3SC4&)(S.S)  o.7lS 

Hu  =  /J  7. 7o(4.5o-o.4sO^^°'^S(4So-o.4^,C) 
*  £34.  S~  io-k. 
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cA<zc£  ofi  6ertc/;r?o  ex. 600^  /r<?/)j vers<s  <x*/  S 

rc/<src/lce.    /''n<sS  (S)/(2)     for  V&rt'ooS    /oac/s.-  PAM£L(dJ 

pane/,    /-/o/^e/?/^  in   //-A//K 

7       jo  //  /i  /3  /<£  'S      '(* 


L&AD  / 


LOAD  I 


LOADS 


LoAD  4 


1                1 

1 

1 

1 

1  111 

*0 
0 
0 

V3 

v. 

8 

•a 

On 

<N1 

0 

1 

0 

1 

1 

<? 

f           /o 

// 

'2 

>3 

/«i- 

/£"       lu 

1              1 

1 

1 

t 

HIT    'v; 

> 

** 

^ 

0 

«>» 

NJ. 

0- 

<0 
0 

O 
0 

0 

0 

-0 

0 

& 

0* 

Q 

Q 

^ 

•>* 

^ 

0 

■?          /© 

// 

/Z. 

/3 

/<* 

15       '<* 

•               1 

• 

1 

\W\W\H 

•           1 

V) 

f4 

0>- 

«M 

0 

O 

0 

^ 

«M 

^1 

0 

?         /o 

// 

/2 

<3 

A* 

/£          /t 

1           1 

1 

HiH 

1 

•              1 

0 

CM 

v9 
n9 

0 

1 

2 

N 

<0 

IM 
«M 

« 

0 

<. 

«\i 

*l 

< 

0 

O 

Dead  Looxj  mosn<znf 

*-toL  *   <4il    =   o.ots;^)'  ,   a/50  U-L/M 
s  3 

Service      /oa.C7    MOTieS!'. 


;    0.1  So  /  Z.<i34 


3.o8<f  ff-l/U 
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DZSt&sJ  of  PAa/£C   oS/a)G  LLASTfC  A*/ALyS(S}  Con/. 
check   &£    6<=nc/in<f  g-.6<$V'    /rctnsvzrsc  ax/s     don/. 

(fs     A/c        *     S.OS4-Cll)CS)    .-  m£/4  k/in1" 

1  zTl 

or      CT   a        S/4    /^//n2-        jre^ier  /fan    3 '  )/f%. 

C3(al  /6//nz) 

•5//oce     crc?c£    uj\^'    occor    *n    £>e>Tf&/rj  a  f  r/)c  po^e./ 
//to///   no/  a/Accr     a/<zc.ji.    c/ura.£>//'//    on<d 
conuen  //onci, /    rev'/Vd/'ce/wc/;/    os~  /on<y/Tcjc/*V)<3i  / 
pos/-/ens^ion/n^    oA    /Ac     pane/  sys/c/n   can   6^-    o*!><sd. 

ChccA.     CL.OOX/G.    au / rh    /oacy   rcicT'o/'  c/<zf/<?rt  . 

or    <r  s     /,  oza>  /L//n    <■  Cr  *   /Soo  /6/,'n7- 

OafeCJ    <sn      Lo<a—<~/   /^zc/o/'     c/mj/^n       r^Z C    pon<s./  can 
Ou/'/h  s/and     snosrjenT     c^.6q<j>TL      /ran  £  f<z.  rs  <*    ^-x/«5 

A  Iso^    hrtiTQ    &  femes'}  T  C?fia./y&/ $  QsSom^d  /)o    /r)oole./l/ 
a.  boor   //)e  /ronzv<er&&  <plxJ*s  ojoo/c/   6<?   frct/ij£rr~rcc/ 
across     Transversa   pan&f  Jo/nf.     £!•    transversa  Jo/  7)/ /J 
an  gp&Ky  J<$/ nT    sostte    moment  iran£/c;    aj//foccor~. 

checL.  of  jAear  stress   ^  /> n <?  7/ j/^ ; c ,/  j c.    ) o ,'n f. 

ra//ouotnQ    a,rc    Sneas-  / //  a~/onq>    ZranSVerSt  Jo/ >;  /  o&rajc*?/') 
PA/J&U     %    dd        J-£he<*r  /n  k*p¥  /'S  uptOird  on  PAM£/-    S 
A         6        c  0  £         F       <$,        +/ 

i 

LoAQ/ 


(S 

cJ 

•^> 

^ 

*3 

N 

0 

0 

<0 

0 

0 

0 

<S 

O 

? 

0 

0 

Abdve.    snc>of<d  6e  Zero    pc/  o>h<^/yf/c<xt  /nexz/e.  / 
uJas   r/of  £ym/nerr/&£X.J  ol£>oo/  ira/l s y^s s<5.    /o/nr. 
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D£S/GA/  OF  PAfJ£l,  OS/a/G  £L4ST/C  AsJAL</S/S>t  aon-f. 

Cneck  a/  sh<sc?r  s-fresS  a./ on 9  TrQn^v&Z'Z-  Join-/,  aonf. 
LOAD  Z   


LoAD  J 


i 
6 


\0 

o 

c 


0 

I 


3 


£1 
i 


*      0 


a 
i 


load  4 


A 
I 


O 

NO 

0 
» 

i 


c 

r 


2 


D 


'Nl 


NO 


r 


i 


<0 

1 


3 


o 

n, 
N0 


<3 


NO 

0 


D&ctcf  Loa-ci   Sh^cur 

Vol    • 


z 


Q.Q7G  (4)    r     o.'Sot/fl. 


Jcr//c:e    Lool-cj    Shear 

-    0./50    +3.3Z3      s    £*7$   */// 

rro/y?     Section      I.  €.  Z.Q      AASHTO   /    s/j^q,-   /n    S^6s 

■Uc.  --     /.a  /^L     *    Z^O    /^Z^-2  /or  pic 

oi/ng  f'c  =   /£.  <30O  /^//?2- 


assume  minimum    sheqr  ctma.  en  <a_  '<^9 


um    sheqr  Qrea,  en  <a_  ronjuz.   and  jrov£- 
Av  *     -UtzXC)     .-    zi,nz/f/ 
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D£$i&sJ  OP  PAM£L  U$/A)C  £LASTtCAK/ALy<>fSJ  cos)/- 
c/iecJn-  o£ sh^or"  srreSS  au/on<=[  Jransverzz  JOi'n/J  cc/jr. 

Use    L&c*.<f  HzQ^or  <o/<ss'<?rt  cAecfe. 
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3<WO  0£.VeL&PH£fi/T  /a/  a*JDS  0FPAAJ6.L  . 


/-re/r)  r/'n/te  6cf}c//rtG  g/z/wc/j/  Orio/yj/S  ffi<s.  /o//aaJ/'/)<?  &/<s/J7e/)fs 


LoAD  S  :  £'S -?'£/£.{(* -pit* 
PtS -<£>!&//*/&  -<S/4 
£/7~  F/7  /F./&-F/3 
PJ7-  G/7 /f/<3-G>/& 

LOAD  6  :  £/4-  P/4-/£/£-F(5' 
F/4-  &/4-/f/S-<^'& 

LoAO  7  :  £/2>>  F/3/ £f4--F/4- 
F-/S-  <h/3/ V/V'-ti/^ 

L&AO     S     :   £/Z~F'2/ £/3-F/$ 
F/2-&/z/fi/3-G>/3 

LoAO  ?  :  f/s-g/s/f/£>-g/6 
&/s-M/s/&/&-#/b 

FH~  0/7/ F/3-&/3 

&H-H/7  /G>/S>-H/8 
LoAD      /o    /    F/4-Q*/4/f/£-C=>/5 

6/4.  H/4/G/S-H/S 
LoAO     //    :    F/ S-0,/3/ F/4-<h /4 

G/3-  ///.J  f&/4-  tf/4- 
LoAO     (2    :    F/Z-&/z/F/Z-(bJ3 

&/Z-  Mtz/&/3-  ti/3 

Mo/nzrt/s  o6oot  y-czx/S  ai  ce/irer  of  efts/ne/j/S    fczrovee/i 
W      ^~y         £  F         £  D  C  B         A 

annua 


S)* 


**>          tf         ^ 

t>j             V)            »j 

<            *<a           \» 

7b\     load? 

-#       C=>        F 

£. 

1 

D 

r 

0 

1 

c 

1 

♦si 

->; 

3 

1 

N 

I 

A 

r 

s    8   3 

vQ 

0 

vD 

N 

Q 
1 

0 

1 

\ 
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Soa/O  0£V£./.oPf-f&fijT  /a/  £A/DS  OF  PAM£.JL,  cos}/. 
Howeni's  q6oo/  y-ax/S   <a/  center  of  <s/<3r/i<zni$   ^c/Wee/7 

G)<{G$)     load  & 

^^      ^         G         F        F-  D         £         3         A 

' LUliiiU L_J L_J 


s: *v  -  ■  *j  <  0        -       ^ 

1/         cs  ^         £•  Z)         c  5         4 

i  »  f  i  i 


EfflSIffl 


to      5     n  y         *      S    »> 


®/@ 


o 

1 


it       &       f       e.  o       c      s       a 


LiiiiiiiJ 


'  I  / 


S      &     ?  ^        5       S    3 

5       >2      £  ^  *•       *     to 

(3)f{m    LOAD     // 

H       G  F  £-  D         c  3         A 


\\\w\\\\\ 


I  I 


*      t     *         ^        ^     ^    ij 

N  IT)  Ml  U^  ^  WJ  fS 


«\) 


Q      o 


LoAO   *S       £    LOAO    7-     C7/-C?    nor*-  shot&n    <5ec\y-o,se:   momefi/s 
con'ft'no'Z.    -/o  c/ec/GQ&e     olS     /ocraf  srioves    foajarcj  c&rtrer 
of  pan <z  J    in    e/e/nefi/S    ¥har  am    /a^cftscl. 

^Ia.%)  morn    Mo/n^ni$     -iOcor    y  -  &%  j  $   /or   1/J/sOoS    fetxet 
pc>s<  '// ons     cqn    oc      drcrcon    <zs    fo//oa)S* 

K *7--"~-     -| 

/v        <i        /=         £-  i  D        C         8         A 

! 1 , 1      t , L I 4 1 

$2  ^  ^s      ^ 

^*3       ^S      "M  ^ 

v>  %i  -4  ;.J 

v>  \j  \J  Vj> 

fJoTi.  >   MomznTS  £*~6oof  y-ax/S    (ft-J^/ft) 
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6OK/0  D£v££~oPrt£fiJr  /n  £*JDS  op  pas/EL  ,   can/. 

Osqc^   Loa.cZ    a, /    corres poncf /V)Q  po/fifs . 

o.olS  *-/ft 


C i i  "i    i    \  ~r  t   i    i    i  :i    i    i    i    i l_j n 

"        *        *      e  D       c       B       *g)  o.3S7f/-k 


M 


—I — , — i , 1 1 u 


d        d        o  ^ 


o.n4*\  \      \      \  5Q 


Assume    ma.*,  rtosnefifs    an  of   dead   /oad  /no/nenr  <?re 
oniror/n    over    co'dfh    of  pQ/ie  /  oonic/i   /g  q   i/cr/ 
Severe,    q  sso/rjp  r/o/1 

Mo/7i&l7Z>     6<s/boJ   arc    //?      C  /n-k) 


tf         G         F         £  O         C         6         A 

•  .  i  •  •  •  •     a? 


Vo 


for  reou/rcd  u/Ti'/vi<a-/g  MoMenT  yost  mu/f/p/y 
Serf/Zee    /occ^o/  rnom&nfs    6>y     L.  oclo/  r&^c  /o  r  o/~ 

CompuTc    pone/  fecf/or*    GfcrGt-inc?  Mesne/,  r   6~>szct  &n 
fr  (snocJo/o6  of-  rop-furc  )    -  /,  3oo  /£>//*  z 

C&n<jrz re    £f:/'crS2    <x/-/ar    /osscs       -  £3o  /b/.'n2- 

H^.     /5oo  r.SJO     -     .'35  o   /i/sfi3- 
Z 

D/c?u^:%  or  tf.A.   horn    r^p    f/'der.   Crr) 

cr  =    C/c53o_t53o)C&) 

C/3SovSJo  /  /t3oo) 
*     3.  1*3  in  . 
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BofiJD  D£VZL0PM£fiJT  /a/  £«/DZ  o*  P4M££.  ,  a on /, 

De-/sr/ninc    6oTiom    5tcef  str<zs5   a.-/ <zr<?£.kinj  moment1  0S//19 
SZra/n    ce/rjp0c//6//'/y' 


bo  from    corpse  7<z   £  Train    -    fc  gay 

G/  000,000 


^c  gor     »       7/  3°°  =    o.ooaZ 


bottom     sis&J  strajsi    jon/cn  /<,     4/.  £  inches  from  ~/op 

£s  gar     ~       e>'  ooc>Z  C4'  $  '  3-  ?4J    »    o,ooof  o£" 
C  Co"- 4.93) 

/sca    -    0.7? Co.iXllo)  -h  o.oaofo£-CZefJ  000) 

<'50.  7&    K/in3- 


—      * . 


Son  of   L&pafh     based  on     Sect  ton    /  C  .  /&     AASdTO 
&*  A<ZL     rt.  //.    / 

cO  ^  'ere.     d  s  nono  4  no,  /  di'<s. .  of  Strand. 

*      n.  Z  ;n. 
Son 0/      Length      for    O/timaj/a   Mo/s)<sfiT 


3 


=     (270  -(2.)(j£?,3))   0.37S 

C3) 
■x    c*3,  9  in. 

MaLKirnosn  transfer-  /e.nc r'A  a,s   spec/ Ac d  in  AcZ   //.S.3 

=    ta.  7S    for      3/a  "  5  /rand 
-    2S.OO      for        Yz"   6 /rand 
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S^r^D  D£  VEL  oP/-/£aJ7~  m/  ZK/U  S  of  PA^Z-L  t  Co/)/. 

Ta./L/n<?  bond  left^rfiS   rc?2ofr<2(?t  rr&/r>    AASM/O    tor 
Cricifna  Horn  en  r <z,nd  (J /h'/no-yc  h/oM&rtT,   ctric/  ^e/-//'ce 
/ocx-<j'  sno/HtsrjfS     a  not    /o<a-c/ /~a  <zros /r?o/r;e/?rs    -tic  /-o/Jooo/sxp 
di ,'a.gsci/ri    cart    Se   /»<z*a£:   ' 


<3oo. 


700- 


(sOO  - 


AcS/os/cc/ 

fH orris  n't 


Crac  /'inG 
Moment 


foments 


Serif/eg  Lool.<J 
Horn  en/i 


bO 


&o 


o  Zo  4o 

DiZTanc-z.  r/orn  &nai  o/-  pjsiz/  CSncnes) 

rsorn  o~6ov<s    /V  <2&n  Scz  S^^n   ?^<a-/  fAc    Oond   <o/e\/e. /op/?}** /?/ 
for    CJ//1  maud's.  f-/o/»&o^    afoes    /JOT*    S'a.ffSpy    fnz.    /-oac/ 

pane./  toesc    PLC    //?cz-/    7^<s    6<onc/  ns.&odr'Gcf  /or 
U/r*/r?ia./e  Moms/1  f    ca>o/<of  OG  r<?c?'cjc.<sc/   6y  3  O  pervert  f 
aohi'ch  jives  Adjos-fecf  O/^/mcLf^   /-Jo/ne/lr1. 
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